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Preface 


This  report  contains  examples  of  Level  1  and  Level  2  thermal  analyses.  The 
analyses  were  conducted  in  conjunction  with  U.S.  Army  Corps  of  Engineers 
projects  and  individually  funded  from  project  funds.  These  analyses  were 
originally  assembled  as  annexes  to  ETL  1 110-2-542,  Thermal  Studies  of  Mass 
Concrete  Structures. 

The  analyses  were  performed  over  a  period  of  several  years  during  the  design 
of  Cache  Creek  Detention  Basin  Weir  by  Sacramento  District,  the  preliminary 
design  of  American  River  Dam  for  Sacramento  District,  and  for  various  design 
efforts  for  Locks  2,  3,  and  4  for  Pittsburgh  District. 

Mr.  Stephen  B.  Tatro,  Walla  Walla  District,  was  responsible  for  the  thermal 
analysis  of  Cache  Creek  Detention  Basin  Weir  and  for  American  River  Dam. 

Mr.  John  R.  Hess,  Sacramento  District,  provided  consultation  during  certain 
phases  of  the  work.  Mr.  Tatro  and  Mr.  Anthony  A.  Bombich,  Structures 
Laboratory  (SL),  U.S.  Army  Engineer  Research  and  Development  Center 
(ERDC),  were  responsible  for  various  phases  of  the  Locks  2,  3,  and  4  analyses. 
Messrs.  Tatro  and  Bombich  prepared  the  major  element  of  this  report.  Final 
review  was  provided  by  Mr.  Hess.  Dr.  Michael  J.  O’Connor  was  Acting  Director 
of  SL. 

At  the  time  of  publication  of  this  report,  Dr.  James  R.  Houston  was  Director 
of  ERDC,  and  COL  James  S.  Weller,  EN,  was  Commander. 


The  contents  of  this  report  are  not  to  be  used  for  advertising, 
publication,  or  promotional  purposes.  Citation  of  trade  names  does 
not  constitute  an  official  endorsement  or  approval  of  the  use  of such 
commercial  products. 


Conversion  Factors,  Non-SI  to 
SI  Units  of  Measurement 


Non-SI  units  of  measurement  used  in  this  report  can  be  converted  to  SI  units 
as  follows: 


Multiply 

By 

To  Obtain 

Fahrenheit  degrees 

5/9 

Celsius  degrees  or  kelvins' 

feet 

0.3048 

meters 

inches 

0.0254 

meters 

1  To  obtain  Celsius  (C)  temperature  readings  from  Fahrenheit  (F)  readings  use  the  following 
formula:  C  =  (5/9)  (F-32).  To  obtain  kelvin  (K)  readings,  use  K  =  (5/9)  -  (F-32)  +  273.15. 
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Introduction 


What  the  Report  Contains 

This  report  presents  examples  of  mass  concrete  thermal  studies  performed  for 
several  U.S.  Army  Corps  of  Engineers  projects.  The  examples  are  preceded  by  a 
brief  explanation  of  the  components  of  each  study  and  other  relevant  information. 
This  chapter  provides  an  introduction  to  the  concepts,  objectives,  and  process  for 
performing  a  thermal  analysis  and  identifies  measures  to  control  thermal  cracking. 

The  example  thermal  studies  were  generally  performed  as  outlined  in  Engi¬ 
neer  Technical  Letter  (ETL)  1 110-2-542,  Thermal  Studies  of  Mass  Concrete 
Structures.  This  ETL  is  no  longer  in  print,  but  the  major  elements  of  the  docu¬ 
ment  are  now  contained  in  Engineer  Manual  (EM)  1 1 10-2-2000,  Standard  Prac¬ 
tice  for  Concrete  for  Civil  Works  Structures.  This  report  serves  as  a  companion 
document  to  the  EM.  More  detailed  explanations  of  the  general  provisions  for 
performing  mass  concrete  thermal  studies  are  contained  in  EM  1 110-2-2000. 

The  procedure  for  a  Level  1  analysis  is  presented  herein  along  with  an  exam¬ 
ple  of  the  thermal  study  conducted  for  Cache  Creek  Sedimentation  Basin.  The 
procedure  for  a  Level  2  analysis  is  also  presented.  The  preliminary  thermal 
analysis  for  the  American  River  Dam  provides  an  example  of  a  one-dimensional 
Level  2  thermal  analysis,  including  an  example  using  simple  finite  element  (FE), 
one-dimensional  (1-D)  strip  models.  The  thermal  analysis  for  Locks  and  Dams  2, 
3,  and  4  on  the  Monongahela  River  provides  an  example  of  a  Level  2  analysis 
using  more  complex  two-dimensional  (2-D),  FE  methodology.  Appendix  A 
presents  the  current  practice  for  determination  of  concrete  tensile  strain  capacity 
(TSC)  for  use  in  cracking  analysis. 


Concept 

Mass  concrete  is  defined  by  the  American  Concrete  Institute  (ACI)  as  “any 
volume  of  concrete  with  dimensions  large  enough  to  require  that  measures  be 
taken  to  cope  with  generation  of  heat  from  hydration  of  the  cement  and  attendant 
volume  change  to  minimize  cracking.”  When  portland  cement  combines  with 
water,  the  ensuing  exothermic  (heat-releasing)  chemical  reaction  causes  a  tem¬ 
perature  rise  in  the  concrete  mass.  The  actual  temperature  rise  in  a  mass  concrete 
structure  (MCS)  depends  upon  the  heat-generating  characteristics  of  the  mass 
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concrete  mixture,  its  thermal  properties,  environmental  conditions,  geometry  of 
the  MCS,  and  construction  conditions.  Usually  the  peak  temperature  is  reached  in 
a  few  days  to  weeks  after  placement,  followed  by  a  slow  reduction  in  temperature. 
Over  a  period  of  several  months  to  several  years,  the  mass  eventually  cools  to 
some  stable  temperature,  or  to  a  stable  temperature  cycle  for  thinner  structures.  A 
change  in  volume  occurs  in  the  MCS  proportional  to  the  temperature  change  and 
the  coefficient  of  thermal  expansion  of  the  concrete.  If  volume  change  is 
restrained  during  cooling  of  the  mass  by  the  foundation,  the  previously  placed 
concrete,  or  the  exterior  surfaces,  sufficient  tensile  strain  can  develop  to  cause 
cracking.  Cracking  generally  occurs  in  the  main  body  or  at  the  surface  of  the 
MCS.  These  two  principal  cracking  phenomena  are  termed  mass  gradient  and 
surface  gradient  cracking,  respectively.  ACI 207. 1R  contains  detailed  information 
on  heat  generation,  volume  change,  restraint,  and  cracking  in  mass  concrete. 


Thermal  Analysis  Objectives 

A  thermal  analysis  is  necessary  to  attain  any  of  the  following  design 
objectives: 

To  develop  materials  and  structural  and  construction  procedure  requirements 
for  use  in  feasibility  evaluation,  design,  cost  engineering,  specifications,  and  con¬ 
struction  of  new  MCS.  Thermal  studies  provide  a  rational  basis  for  specifying 
construction  requirements.  A  thermal  study  provides  a  guide  for  formulating 
advantageous  design  features,  optimizing  concrete  mixture  proportions,  and 
implementing  necessary  construction  requirements. 

To  provide  cost  savings  by  revising  the  structural  configuration,  material 
requirements,  or  construction  sequence.  Construction  requirements  for  concrete 
placement  temperature,  mixture  proportions,  placement  rates,  insulation  require¬ 
ments,  and  schedule  constraints  that  are  based  on  arbitrarily  selected  parameters 
can  create  costly  operations.  Cost  savings  may  be  achieved  through  items  such  as 
eliminating  unnecessary  joints,  allowing  increased  placing  temperatures,  increased 
lift  heights,  and  reduced  insulation  requirements. 

To  develop  structures  with  improved  performance  where  existing  similar 
structures  have  exhibited  unsatisfactory  behavior  (such  as  extensive  cracking) 
during  construction  or  operation.  Cracking  which  requires  remedial  repairs  would 
be  considered  unsatisfactory  behavior.  Cracking  which  does  not  affect  the  overall 
structural  behavior  or  some  function  of  the  structure  would  not  be  classified  as 
unsatisfactory  behavior. 

To  more  accurately  predict  behavior  of  unprecedented  structures  for  which 
limited  experience  is  available,  such  as  structures  with  unusual  structural  con¬ 
figuration,  extreme  loadings,  unusual  construction  constraints,  or  severe 
operational  requirements. 
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Thermal  Cracking  Prevention  Measures 

Provisions  to  counteract  predicted  thermal  cracking  are  discussed  in  ACI 207 
documents  and  typically  include: 

a.  Changes  in  construction  procedures,  including  placing  times  and 
temperatures. 

b.  Changes  in  concrete  materials  and  thermal  properties. 

c.  Precooling  of  concrete  materials. 

d.  Limit  concrete  placement  temperatures. 

e.  Postcooling  of  concrete. 

f  Construction  of  joints  (with  waterstops  where  necessary)  to  control 
location  of  cracks. 

g.  Construction  of  water  barrier  membranes  to  prevent  water  from  entering 
cracks. 

h.  Alteration  of  structure  geometry  to  avoid  or  control  cracking. 

i.  Use  and  careful  removal  of  insulation. 

General  Thermal  Analysis  Process 

The  thermal  study  process  at  any  level  consists  of  several  steps  that  are  sum¬ 
marized  in  Table  1.  These  steps  are  similar  for  all  three  levels  of  analysis.  The 
steps  can  be  subdivided  among  three  general  tasks:  data  collection,  temperature 
analysis,  and  cracking  analysis.  The  specific  efforts  within  each  of  these  tasks  can 
vary  considerably,  depending  upon  the  level  of  analysis  selected  for  the  thermal 
study.  Data  collection  includes  those  steps  that  provide  input  data  and  preparation 
of  input  for  subsequent  analysis  tasks.  Data  collection  may  include  information 
retrieval  and  testing.  Temperature  analysis  generates  the  temperatures  or  temper¬ 
ature  histories  for  the  MCS,  which  are  possible  scenarios  of  thermal  loadings 
during  construction  and  subsequent  cooling.  Cracking  evaluation  uses  tempera¬ 
ture  data  from  the  temperature  analysis,  other  sources  of  loading,  material  proper¬ 
ties,  concrete/foundation  interaction,  geometry,  construction  parameters,  etc.,  to 
compute  strains  and  evaluate  the  .potential  for  cracking  in  the  MCS.  This  process 
is  directly  applicable  for  evaluating  mass  gradient  and  surface  gradient  cracking 
for  thermal  studies  (Levels  1  and  2)  and  for  advanced  FE  thermal  studies  such  as 
nonlinear  incremental  structural  analysis  (NISA)  (Level  3).  At  all  levels  of  ther¬ 
mal  analysis,  parametric  studies  are  an  important  part  of  thermal  analysis  and  are 
used  to  assist  the  engineer  in  making  proper  decisions  for  design  and  construction. 
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Table  1 

Thermal  Study  Process 

Data  Collection 

Temperature  Analysis 

Cracking  Analysis 

Levels  1-3 

Levels  1-3 

Levels  1  and  2 

✓  Determine  Ambient 

Conditions 

V*  Prepare  Temperature  Model 

Determine  Restraint 

Climatological  conditions 
Foundation  temperature 

Water  temperatures 

Solar  radiation 

Compute  surface  heat  transfer 
coefficients  and  other 
boundary  conditions 

Establish  calculation 
increments 

Prepare  FE  model  (mesh)  or 
prepare  step-by-step  method 
(spreadsheet) 

Compute  Kf  and  Kk  for:  mass 
gradient  analysis  and  surface 
gradient  analysis 

y  Determine  Material 

Properties 

S  Determine  Thermal  Strains 

Concrete 

Foundation 

Strain  -  (Cft)  (A 7)  (KR)  for: 
mass  gradient  analysis  and 
surface  gradient  analysis 

S  Determine  Construction 
Parameters 

S  Compute  Temperature 
Histories 

✓  Estimate  Cracking 

Geometry/lift  height 

Lift  placement  rate 

Concrete  placement 
temperature 

Concrete  postcooling 
Construction  start  date(s) 
Formwork  and  insulation  usage 

Mass  Gradient  Analysis: 
Determine  peak  and  ultimate 
stable  temperatures 

Surface  Gradient  Analysis: 
Determine  temperature 
history  at  surfaces 

Determine  depth  of  tensile  zone 
for  Kr 

Mass  Gradient  Cracking:  Use 
mass  gradient  strains  &  slow 
load  tensile  strain  cracking 

free) 

Surface  Gradient  Cracking: 

Use  surface  gradient  strains 
&  age-modified  TSC 

Level  3 

FE  Method:  ABAQUS 
w/ANACAP-U 

S  Conclusions  & 
Recommendations 

Level  1  analysis 

This  type  of  analysis  is  the  least  complex.  It  is  a  simplified  or  “quick  and 
dirty”  methodology,  using  little  or  no  laboratory  testing,  and  incorporating  broad 
assumptions  for  site  conditions  and  placement  constraints.  The  approach  is  to 
estimate  the  worst  reasonable  combination  of  material  properties  and  site  condi¬ 
tions,  so  that  if  conditions  are  acceptable,  no  further  analysis  is  necessary.  If 
conditions  are  not  acceptable,  then  more  accurate  data  and  possibly  a  more 
detailed  analysis  are  necessary.  Temperature  calculations  are  limited  to  simple 
determinations  of  peak  concrete  temperature  based  on  summation  of  placement 
temperature  and  temperature  rise  produced  by  heat  from  the  concrete  mixture. 
Cooling  from  the  peak  temperature  is  assumed  to  progress  to  the  ambient  average 
annual  temperature  or  a  cyclic  temperature  range.  Strain,  length  change,  and 
cracking  are  computed  based  on  temperature  change  in  the  MCS  from  peak  to 
average  ambient,  using  simple  methods  for  determination  of  restraint.  Other  MCS 
loading  conditions  are  evaluated  separately  from  the  thermal  analysis  at  this  level. 
A  detailed  description  of  a  Level  1  thermal  analysis  using  average  monthly 
temperatures  is  shown  in  the  next  chapter. 
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Level  2  analysis 


Level  2  thermal  analysis  is  characterized  by  a  more  rigorous  determination  of 
concrete  temperature  history  in  the  structure  and  the  use  of  a  wide  range  of  tem¬ 
perature  analysis  tools.  Placement  temperatures  are  usually  determined  based  on 
ambient  temperatures  and  anticipated  material  processing  and  handling  measures. 
The  temperature  history  of  the  concrete  mass  is  approximated  by  using  step-by- 
step  iteration  using  the  Schmidt  or  Carlson  methods  or  by  FE  analysis  using 
simple  1-D  models,  termed  “strip”  models,  or  using  2-D  models  representing 
cross  sections  of  a  structure.  Evaluation  of  thermal  cracking  within  the  interior  of 
an  MCS,  termed  mass  gradient  cracking,  and  cracking  at  the  surface  of  an  MCS, 
termed  surface  gradient  cracking,  are  appropriate  at  this  level.  Detailed  cracking 
evaluation  of  complex  shapes  or  loading  conditions  other  than  thermal  loads  is  not 
performed  at  this  level. 


Level  3  analysis 

A  Level  3  analysis  is  also  known  as  a  nonlinear  incremental  structural  analysis 
(NISA).  NISA  is  performed  using  the  FE  method,  exclusively,  to  compute  incre¬ 
mental  temperature  histories,  thermal  stress-strain,  stress-strain  from  other  load¬ 
ing,  and  cracking  prediction  results.  Significant  effort  is  necessary  to  collect 
environmental  data,  assess  and  implement  applicable  construction  parameters, 
acquire  foundation  materials  properties,  determine  appropriate  construction 
scenarios,  and  perform  testing  required  for  thermal  and  nonlinear  material  proper¬ 
ties  input.  Preparation  of  FE  models  and  conducting  temperature  and  thermal 
stress  analyses  which  generate  significant  volumes  of  data  are  generally  extensive 
and  costly  efforts.  EIL  1 110-2-365  describes  the  computational  methodology  and 
application  of  Level  3  (NISA)  analysis.  Hollenbeck  and  Tatro  (2000)  present  an 
example  of  a  2-D  NISA  application  to  analyze  cracking  for  Zintel  Canyon  Dam,  a 
roller  compacted  concrete  (RCC)  dam  constructed  in  1992. 
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2  Level  1  Thermal  Study 
Analysis 


General 

This  chapter  summarizes  each  step  in  a  Level  1  thermal  study  mass  gradient 
analysis  of  a  MCS.  An  example  of  how  this  procedure  was  applied  for  a  modest- 
size  MCS  is  presented  in  Chapter  3.  Although  alternative  approaches  can  be 
used,  this  method  is  in  common  use  for  this  level  MCS  thermal  analysis.  Surface 
gradient  thermal  analysis  is  seldom  conducted  at  this  level  of  analysis. 


Input  Properties  and  Parameters 

Step  1:  Determine  ambient  conditions.  Simple  analyses  conducted  for  a 
Level  1  analysis  are  typically  based  on  average  monthly  temperature  data. 

Step  2:  Determine  material  properties.  Laboratory  test  results  on  material 
properties  are  seldom  available  for  this  level  of  thermal  analysis.  Material  prop¬ 
erties  are  generally  estimated  from  published  data  in  sources  such  as  ACI  docu¬ 
ments,  technical  publications,  and  engineering  handbooks.  Often  known 
information  such  as  compressive  strength  and  aggregate  type  is  used  to  predict 
other  material  properties  from  published  data.  The  minimum  properties  required 
are  the  coefficient  of  thermal  expansion  {Cth),  the  adiabatic  temperature  rise 
(ATorf),  and  the  tensile  strain  capacity  (efc). 

Step  3:  Determine  construction  parameters.  Concrete  placement  temper¬ 
ature  is  the  essential  construction  parameter  needed  for  this  level  of  thermal 
analysis.  A  first  approximation  is  to  assume  that  concrete  placement  tempera¬ 
tures  (Tp)  directly  parallel  the  average  monthly  temperature.  A  more  accurate 
method  is  to  modify  the  average  monthly  temperature  based  upon  production  time 
period  and  extent  of  production  or  to  use  actual  placement  temperature  data  from 
similar  projects. 


6 


Chapter  2  Level  1  Thermal  Study  Analysis 


Temperature  Analysis 

Step  4:  Mass  gradient  temperature  analysis.  For  Level  1  mass  gradient 
analysis,  no  elaborate  “model”  is  used  to  develop  temperature  history.  The  long¬ 
term  temperature  change  is  simply  calculated  as  the  peak  concrete  temperature 
minus  the  ultimate  stable  concrete  temperature. 

a.  Determine  peak  temperature.  This  is  the  sum  of  the  concrete  placement 
temperature  and  the  adiabatic  temperature  rise. 

b.  Determine  ultimate  stable  temperature.  Large  structures  cool  to  a  stable 
temperature  equal  to  the  average  ambient  temperature.  However,  smaller 
concrete  structures  cool  to  a  stable  annual  temperature  cycle,  since  there  is 
insufficient  mass  to  provide  complete  insulation  of  the  interior.  ACI 
207. 1R  provides  a  plot  relating  temperature  variation  with  depth  to  deter¬ 
mine  this  internal  temperature  cycle.  It  is  assumed  that  the  concrete  tem¬ 
perature  cycles  about  the  average  annual  temperature. 

c.  Determine  long-term  temperature  change.  The  sum  of  the  placing 
temperature  plus  adiabatic  temperature  rise  provides  a  quick  peak 
temperature  of  the  MCS.  Then  subtracting  the  ultimate  stable 
temperature  provides  the  long-term  temperature  change  used  for  strain 
and  cracking  evaluation. 


Cracking  Analysis 

Step  5:  Mass  gradient  cracking  analysis.  Using  long-term  temperature 
change  and  ACI  formulas,  mass  gradient  strain  is  approximated.  These  strains  are 
compared  to  estimates  of  tensile  strain  capacity  to  determine  if  and  when  cracking 
may  occur. 

a.  Determine  mass  gradient  restraint  conditions.  The  structure  restraint 
factor  (Kr)  and  the  foundation  restraint  factor  (Kj)( in  ACI  207.2R  termed 
“Multiplier  for  foundation  rigidity”)  are  determined  as  described  in 
Equation  5  (see  Chapter  6)  and  in  ACI  207.2R. 

b.  Determine  mass  gradient  thermal  strain.  The  total  induced  strain  is  the 
product  of  the  long-term  temperature  change,  the  coefficient  of  thermal 
expansion,  and  restraint  factors. 

Total  strain  =  (Cth)  (dT)  (Kr)  (Kj)  (1) 

where 

Total  strain  =  induced  strain  (millionths) 

Co,  ~  coefficient  of  thermal  expansion 
dT = temperature  differential 
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Kr  =  structure  restraint  factor 
Kf=  foundation  restraint  factor 

Cracking  strain  is  computed  by  subtracting  tensile  strain  capacity  from  the 
total  strain.  The  remainder  is  the  strain  that  must  be  accommodated  in 
cracks  at  some  spacing  and  width  across  the  MCS. 

c.  Estimate  mass  gradient  cracking.  Foundation  conditions  (restraint)  con¬ 
trol  the  spacing  of  cracks  and  the  crack  width.  If  the  foundation  is  stiffer, 
tightly  spaced  cracks  of  small  width  can  be  expected.  If  the  foundation  is 
relatively  soft  (low  restraint),  widely  spaced  and  wider  cracks  can  be 
anticipated.  Multiply  the  MCS  length  by  the  cracking  strain  to  determine 
the  total  width  of  cracking  to  be  accommodated  in  the  MCS.  Estimate  a 
crack  width  based  on  foundation  conditions  and  divide  the  total  width  of 
cracking  by  the  assumed  crack  width  to  determine  the  total  number  of 
cracks. 


Conclusions  and  Recommendations 

These  typically  include  expected  maximum  temperatures  for  starting  place¬ 
ment  in  different  seasons,  expected  transverse  and  longitudinal  cracking  without 
temperature  or  other  controls,  recommended  concrete  placement  temperature 
limitations,  anticipated  concrete  precooling  measures,  need  for  adjustment  in 
concrete  properties,  joint  spacing,  and  sensitivity  of  the  thermal  analysis  to 
changes  in  parameters. 
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Introduction 

This  example,  based  on  a  thermal  study  for  the  Cache  Creek  Detention  Basin 
Weir,  illustrates  one  way  to  estimate  concrete  placing  temperature  based  on  ambi¬ 
ent  air  temperatures  and  material  processing  schemes  and  schedules.  The  study 
evaluates  mass  gradient  cracking  only.  The  Cache  Creek  Detention  Basin  in 
California  is  a  RCC  overflow  weir  section  in  a  levee  system.  The  structure  is 
4.6  m  (15  ft)  high,  3.6  m  (12  ft)  wide  at  the  top,  has  0.8  to  1  slopes  upstream  and 
downstream,  and  is  530  m  (1,740  ft)  long.  Compacted  sands  and  silts  were  placed 
against  the  full  height  of  the  upstream  face.  The  purpose  of  the  study  was  to 
determine  the  adequacy  of  contraction  joints  spaced  at  30-m  (100-ft)  intervals 
and,  if  necessary,  provide  recommendations  for  alternate  configurations.  Also 
addressed  is  the  adequacy  of  a  maximum  placing  temperature  of  29  deg  C  (85  deg 
F)  for  the  RCC.  The  following  paragraphs  provide  explanation  on  the  selection 
criteria  and  determination  of  the  parameters  used  to  summarize  thermal  study. 


Input  Properties  and  Parameters 

Step  1:  Determine  ambient  conditions.  Data  were  provided  from  climato¬ 
logical  data  summaries  for  Woodland,  CA,  prepared  by  the  National  Oceanic  and 
Atmospheric  Administration  (NOAA),  shown  in  Table  2.  The  average  annual 
temperature  used  was  16.1  deg  C  (  61  deg  F),  and  monthly  mean  and  average 
monthly  maximum  and  minimum  temperatures  were  used  for  other  computations. 

Step  2:  Determine  material  properties. 

a.  Coefficient  of  thermal  expansion.  Coefficient  of  thermal  expansion  was 
estimated  using  handbook  data  (Fintel  1985)  for  the  sandstone  and  meta¬ 
sandstone  aggregate  concrete  planned  for  the  project: 

Cth  =  9.9  millionths/deg  C  (5.5  millionths/deg  F) 
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Table  2 

NOAA  Temperature  Data,  Woodland,  CA 

Month 

Monthly  avg.  max.  -  deg 
C  (deg  F) 

Monthly  avg.  min.  -  deg 

C  (deg  F) 

Monthly  avg.  -deg  C 
(deg  F) 

Jan 

11.7  (53) 

2.8  (37) 

7.2  (45) 

Feb 

15.5(60) 

4.4  (40) 

10.0  (50) 

Mar 

18.9(66) 

5.5  (42) 

12.2(54) 

Apr 

23.3  (74) 

7.2  (45) 

15.0  (59) 

May 

27.8  (82) 

10.0  (50) 

18.9  (66) 

Jun 

32.2  (90) 

12.8  (55) 

22.8  (73) 

Jul 

35.5  (96) 

13.9  (57) 

25.0  (77) 

Aug 

34.4  (94) 

13.3  (56) 

23.9  (75) 

Sep 

32.2  (90) 

12.2  (54) 

22.2  (72) 

Oct 

26.1  (79) 

9.4  (49) 

17.8  (64) 

Nov 

18.3  (65) 

5.5  (42) 

11.7  (53) 

Dec 

12.2  (54) 

2.8  (37) 

7.8  (46) 

Annual 

- 

- 

16.1  (61) 

b.  Adiabatic  temperature  rise.  The  study  was  performed  using  an  RCC 
mixture  with  a  Type  I/n  cement  content  of  1 19  kg/m3  (200  lb/cy)  and  a 
Class  F  pozzolan  content  of  39  kg/m3  (66  lb/cy).  ACI  207.1R  suggests 
that  pozzolan  can  be  assumed  to  have  a  heat-generating  capacity  about 
one-half  that  of  cement.  Using  ACI  207. 1R  adiabatic  temperature  rise 
curves  and  an  equivalent  cement  content  of  138  kg/m3  (233  lb/cy),  this 
mixture  should  produce  an  adiabatic  temperature  rise  of  about  22.2  deg  C 
(40  deg  F).  From  ACI  207. 1R: 

A tad  for  223  kg/m3  (376  lb/cy)  cement  at  28  days  =  36.1  deg  C  (65  deg  F) 

A  tad  for  138  kg/m3  (233  lb/cy)  equiv.  cement  at  28  days  =  (36.1  deg  C) 
(138)/(223)  =  22.2  deg  C  (40  deg  F) 

c.  Tensile  strain  capacity.  ACI  207.5R  suggests  that  values  of  tensile  strain 
capacity  ranging  from  50  to  200  millionths  are  achievable  for  early  age, 
slow-load  testing.  Lean  RCC  mixes  typically  range  from  60  to  90  mil¬ 
lionths.  Since  the  cement  content  of  1 19  kg/m3  (200  lb/cy)  is  higher  than 
most  lean  RCC  mixes  and  the  coarse  aggregate  is  crushed,  a  value  of 

80  millionths  was  selected. 

Step  3:  Determine  construction  parameters.  RCC  placing  temperature 
was  calculated  using  the  average  annual  temperature  modified  by  rule-of-thumb 
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temperature  effects  during  construction,  as  shown  in  Table  3.  In  Table  3,  the 
placing  temperature  is  the  composite  temperature  of  the  aggregate  source, 
(assumed  to  be  the  average  annual  temperature),  plus  the  added  heat  during 
aggregate  production,  plus  the  added  heat  during  RCC  production.  Stockpile 
aggregate  temperatures  are  the  base  temperature,  plus  the  ambient  addition,  plus 
crushing  and  production  energy.  Similarly,  RCC  production  temperatures  are  the 
stockpile  temperature  plus  ambient  additions  and  mixer  energy  additions.  The 
ambient  temperature  additions  are  calculated  as  0.67,  an  empirical  correction 
factor,  times  the  differential  temperature  of  the  aggregates  and  the  air.  The 
complete  thermal  study  is  summarized  in  Table  4.  A  May  placing  temperature 
was  used  for  the  following  calculations: 

Tp  =  18.9  deg  C  (66  deg  F) 


Table  3 

Cache  Creek  Weir  Placing  Temperature  Computation 

Temperature,  deg  C 


Factor  May  Jun  Jul  Aug  Comments 


Avg.  annual  temperature(deg  C) 

16.1 

16.1 

16.1 

16.1 

Base  temperature,  from  NOAA  data 

Previous  month  temperature 

15.0 

18.9 

22.6 

24.8 

From  NOAA  data 

Added  ambient  temperature 

-1.1 

2.8 

6.5 

8.7 

(0.67)(Annual  temp.  -  prev.  month  temp.) 

Aggregate  subtotal  temperature 

15.4 

18.0 

20.5 

21.9 

Avg.  annual  temp.  +  added  amb.  temp. 

Added  processing  temperature 

+1.1 

+1.1 

+1.1 

+1.1 

Processing  and  crushing  energy 

Aggregate  stockpile  temperature 

16.5 

19.1 

21.6 

23.0 

N/A 

Current  ambient  temperature 

18.9 

22.6 

24.8 

23.9 

From  NOAA  data 

Added  ambient  temperature 

+1.7 

+2.3 

+2.1 

+0.6 

(0.67)(Curr.  temp.-agg.  stock,  temp.) 

Added  mixer  energy 

+1.1 

+1.1 

+1.1 

+1.1 

N/A 

Placement  temperature 

19.3 

22.6 

24.8 

24.8 

Agg.  stockpile  temp.  +  added  effects 

Temperature,  deg  F 


Avg.  annual  temperature  (deg  F) 

61.1 

61.1 

61.1 

61.1 

Base  temperature,  from  NOAA  data 

Previous  month  temperature 

59.0 

66.1 

72.7 

76.6 

From  NOAA  data 

Added  ambient  temperature 

-1.4 

3.3 

7.8 

10.4 

(0.67)(Annual  temp.  -  prev.  month  temp.) 

Aggregate  subtotal  temperature 

59.7 

64.5 

68.9 

71.5 

Avg.  annual  temp.  +  added  amb.  temp. 

Added  processing  temperature 

+2.0 

+2.0 

+2.0 

+2.0 

Processing  and  crushing  energy 

Aggregate  stockpile  temperature 

61.7 

66.5 

70.9 

73.5 

N/A 

Current  ambient  temperature 

66.1 

72.7 

76.6 

75.1 

From  NOAA  data 

Added  ambient  temperature 

+3.0 

+4.2 

+3.8 

+1.1 

(0.67)(Curr.  Temp.-Agg.  Stock.  Temp.) 

Added  mixer  energy 

+2.0 

+2.0 

+2.0 

+2.0 

N/A 

Placement  temperature 

66.7 

72.7 

76.7 

76.6 

Agg.  stockpile  temp.  +  added  effects 
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Table  4 

Cache  Creek  Weir  Thermal  Analysis  Summa 


Parameter 


Temperatures 


SI  Units 

Spring 

(May) 

Late  Spring 
(Jun) 

Summer 

(Jui-Aug) 

Strain  development 


Induced  strain  (millionths)  (C#,=9.9  millionths/deg  C,  Kp 0.65,  Kr=  1.0) 


Strain  capacity  (millionths) 


Excess  strain  (millionths) 


Crack  distribution  (length  of  weir  =  530  m)  (crack  width  =  4  mm) 


Axis  length  contraction  (mm) 


Number  of  cracks  (Contraction/crack  width) 


Avg.  crack  spacing  (m)  (Weir  length/number  of  cracks) 


Temperatures 


RCC  placement  temperature  (deg  F) 


Adiabatic  temperature  rise  (deg  F) 


Peak  internal  temperature  (deg  F)  (Place  temp.  +  adiabatic  temp.) 


Minimum  temperature  (deg  F)  (Based  on  annual  temp,  cycle) 


Differential  temperature  (deg  F)  (Peak  temp.  -  min.  temp.) 


Strain  development 


Induced  strain  (millionths)  (Cft= 5.5  millionths,  Kp 0.65,  Kr=1  .0) 


Strain  capacity  (millionths) 


Excess  strain  (millionths) 


Crack  distribution  (length  of  weir=1 ,740  ft.)  (crack  width=0.15  in.) 


Axis  length  contraction  (in.) 


Number  of  cracks  (Contraction/crack  width) 


Avg.  crack  spacing  (ft)  (Weir  length/number  of  cracks) 


RCC  placement  temperature  (deg  C) 

19.4 

22.8 

25.0 

Adiabatic  temperature  rise  (deg  C) 

22.2 

22.2 

22.2 

Peak  internal  temperature  (deg  C)  (Place  temp.  +  adiabatic  temp.) 

41.7 

45.0 

47.2 

Minimum  temperature  (deg  C)  (Based  on  annual  temp,  cycle) 

12.2 

12.2 

12.2 

Differential  temperature  (deg  C)  (Peak  temp.  -  min.  temp.) 

29.4 

32.8 

35.0 
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Temperature  Analysis 

Step  4:  Mass  gradient  temperature  analysis. 

a.  Determine  peak  temperature.  This  is  the  sum  of  the  initial  RCC 
placement  temperature  and  the  adiabatic  temperature  rise: 

Tp  +  A Tad=  18.9  +  22.2  =  41.1  deg  C  (106  deg  F) 

b.  Determine  ultimate  stable  temperature.  Since  the  weir  is  a  relatively  thin 
MCS,  it  is  expected  to  develop  a  stable  temperature  cycle,  rather  than  a 
single  stable  temperature  as  in  larger  MCS’s.  The  temperatures  below 
were  determined  using  the  methodology  in  ACI  207.1R  (“Temperature 
variation  with  depth”).  Typical  distance  from  the  RCC  surface  to  the 
interior  was  determined  to  be  4.6  m  (15  ft).  From  ACI  207. 1R  figure: 

Temp  change  through  concrete  _  24 

Temp  range  at  surface 

Temp  range  at  surface 

Temp  range  at  surface  =  24.8  -  7.3  =  17.5  deg  C  (31.5  deg  F) 

Temp  change  in  concrete  interior  =  (0.24)  (17.5  deg  C) 

=  4.2  deg  C  (7.6  deg  F) 

Temp  range  in  concrete  interior  =  16.2  ±  4.2  deg  C  (61 . 1  ±  7.6  deg  F) 

Tmin  =  minimum  interior  concrete  temp. 

=  16.2-  4.2  =  12  deg  C  (53.5  deg  F) 

c.  Determine  long-term  temperature  change.  This  value  is  simply  the  peak 
RCC  placement  temperature  less  the  stable  minimum  temperature. 
Assuming  a  May  placement: 

AT  =  Tp  +  Tad-  Tmm  =  41.1  -  11.9  =  29.2  deg  C  (53  deg  F) 


Cracking  Analysis 

Step  5:  Mass  gradient  cracking  analysis. 

a.  Determine  mass  gradient  restraint  conditions.  Geometric  restraint  is 
conservatively  set  at  Kr=  1 .0,  since  the  structure  has  a  low  profile.  Foun¬ 
dation  restraint  is  set  at  Kp  0.65,  since  the  base  is  not  rock  but  rather 
compacted  structural  backfill. 
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**=1.0  Kf=  0.65 


b.  Determine  mass  gradient  thermal  strain.  The  total  induced  strain  in  the 
mass  RCC  is  the  product  of  the  long-term  temperature  change,  the 
coefficient  of  thermal  expansion,  and  restraint  factors: 

Total  induced  strain  =  (Cty)(AT)(KR)(Kf) 

=  (9.9  millionths/deg  C  )(29.2  deg  C)(1.0)(0.65) 

=  189  millionths 

c.  Estimate  mass  gradient  cracking.  The  strain  that  results  in  cracking  of 
the  structure  is  the  total  induced  strain  less  the  tensile  strain  capacity  (eJC) 
of  the  material.  The  total  crack  width  in  the  length  of  the  structure  is  the 
cracking  strain  multiplied  by  the  length  of  the  structure.  The  estimated 
number  of  cracks  are  based  on  the  assumed  crack  widths.  Typical  crack 
widths  range  from  0.002  to  5  mm  (0.01  to  0.2  in.).  The  larger  crack 
widths  are  typical  of  structures  founded  on  flexible  or  yielding  founda¬ 
tions.  Since  such  a  foundation  exists  here,  a  typical  crack  width  of  4  mm 
(0.15  in.)  was  assumed: 

Cracking  strain  =  total  induced  strain  -  tsc  =  1 89  -  80  =  109  millionths 

Total  crack  width  =  (weir  length)(cracking  strain)  =  (530  m)(l,000 
mm/m)(109  millionths)  =  58  mm  (2.3  in.) 

Assumed  crack  widths  =  4  mm  (0.15  in.) 

Estimated  cracks  =  58  mm/4  mm  =15  cracks 

Estimated  crack  spacing  =  530  m/15  cracks=  35m(116ft) 

Since  contraction  joints  will  be  installed  at  30-m  (100-ft)  spacing,  additional 
cracking  is  not  expected.  Occasional  center  cracks  can  be  expected  where  condi¬ 
tions  and  restraint  factors  vary  from  those  assumed. 

Conclusions  and  Recommendations 

Conclusions 

Based  on  calculations  similar  to  those  shown  above  and  on  previous  temper¬ 
ature  analysis  figures,  and  experience,  the  following  conclusions  were  provided: 

a.  May  placement  schedule.  RCC  placement  temperatures  should  be  1 9.4  to 
21.1  deg  C  (67  to  70  deg  F)  if  aggregates  are  produced  the  preceding 
month.  If  aggregate  processing  is  performed  earlier,  lower  placement 
temperatures  may  result.  Crack  spacing  in  an  unjointed  structure  is 
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calculated  to  be  35  m  (1 16  ft).  The  30-m  (100-ft)  contraction  joint 
interval  easily  accommodates  this  volume  change  with  joint  widths  of 
approximately  3  mm  (0.13  in.). 

b.  June  placement  schedule.  RCC  placement  temperatures  should  be  22.2  to 
23.9  deg  C  (72  to  75  deg  F)  if  aggregates  are  produced  the  preceding 
month.  If  aggregate  processing  is  performed  earlier,  lower  placement 
temperatures  may  result.  Crack  spacing  in  an  unjointed  structure  is  calcu¬ 
lated  to  be  29  m  (97  ft).  The  30-m  (100-ft)  contraction  joint  interval  just 
accommodates  this  volume  change  with  joint  widths  of  approximately 

4  mm  (0.15  in.). 

c.  July  and  August  placement  schedules.  RCC  placement  temperatures 
should  be  23.9  to  26.7  deg  C  (75  to  80  deg  F)  if  aggregates  are  produced 
the  preceding  month.  If  aggregate  processing  is  performed  earlier,  lower 
placement  temperatures  may  result.  Crack  spacing  in  an  unjointed  struc¬ 
ture  is  calculated  to  be  26  m  (87  ft).  The  30-m  (100-ft)  contraction  joint 
interval  is  not  quite  adequate  to  accommodate  this  volume  change  at  a 
fixed  joint  width  of  4  mm  (0.15  in.).  Joint  widths  will  increase  or  addi¬ 
tional  cracking  will  occur. 

d.  Since  the  anticipated  period  for  RCC  construction  is  during  the  late  spring 
or  Slimmer  months,  the  29.4-deg  C  (85-deg  F)  placement  temperature 
limitation  specified  could  be  a  factor  if  unusually  hot  weather  should 
occur.  Under  normal  weather  conditions,  uncontrolled  placing  tempera¬ 
tures  should  range  from  19.4  to  24.4  deg  C  (67  to  76  deg  F)  from  May 
through  August.  In  the  event  that  abnormal  weather  causes  average  daily 
ambient  temperature  in  excess  of  29.4  deg  C  (85  deg  F),  RCC  tempera¬ 
tures  could  exceed  29.4  deg  C  (85  deg  F).  Aggregate  stockpile  cooling 
and  possible  use  of  batch  water  chillers  would  be  the  most  expedient 
solutions  to  this  problem. 

e.  The  current  joint  spacing  of  30  m  (100  ft)  is  adequate  for  RCC  place¬ 
ments  during  May  and  June.  Later  placements  in  July  and  August  will 
result  in  occasional  centerline  cracking  of  monoliths,  possibly  in  as  many 
as  three  or  four  monoliths.  Lesser  cracking  is  very  probable  since  mate¬ 
rial  properties  were  conservatively  estimated. 

f.  During  construction,  RCC  placement  temperature  was  maintained  at 
about  29.4  deg  C  (85  deg  F),  and  transverse  contraction  joints  were 
spaced  at  30-m  (100-ft)  intervals.  All  the  contraction  joints  opened 
properly  during  the  first  few  months  after  construction,  with  no  inter¬ 
mediate  cracking.  Crack  widths  varied  from  1.5  to  6  mm  (0.06  to 
0.25  in.). 

g.  Several  material  properties  were  applied  conservatively.  Small  reductions 
of  adiabatic  temperature  rise  and  coefficient  of  thermal  expansion  and 
small  increases  in  tensile  strain  capacity  could  improve  thermal  cracking 
performance.  If  each  of  these  properties  were  individually  changed 

10  percent,  summer  crack  spacing  would  be  around  30  m  (100  ft).  If 
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these  changes  were  cumulative,  crack  spacing  would  be  over  40  m 
(130  ft). 

Recommendations 

a.  Maintain  current  29.4-deg  C  (85-deg  F)  maximum  placement  temperature 
limitation.  Consider  allowing  minor  temperature  violations  so  long  as  the 
time-weighted  average  of  the  RCC  placement  temperature  is  maintained 
below  26.7  deg  C  (80  deg  F). 

b.  Maintain  current  contraction  joint  spacing  of  30  m  (100  ft).  The  current 
contraction  joint  configuration  of  30-m  (100-ft)  joint  intervals  is  sufficient 
to  accommodate  the  total  anticipated  axial  contractions  due  to  cement 
induced  temperature  fluctuations  during  May  and  June  placements.  Some 
transverse  cracking  will  occur  during  the  July  and  August  placement 
schedule;  however,  the  extent  of  cracking  should  not  be  of  concern 
considering  the  upstream  backfill  and  the  frequency  of  use. 
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4  Level  2  Thermal  Analysis 


General 

This  chapter  summarizes  typical  steps  in  a  Level  2  mass  gradient  and  surface 
gradient  thermal  analysis  of  a  MCS.  Two  examples  of  the  procedure  are  pre¬ 
sented  in  Chapters  5  and  6.  Example  1  (Chapter  5)  covers  a  simple  one¬ 
dimensional  (1-D)  (strip  model)  finite  element  (FE)  mass  gradient  and  surface 
gradient  thermal  analysis.  Example  2  (Chapter  6)  presents  a  more  complex  two- 
dimensional  (2-D)  mass  gradient  and  surface  gradient  thermal  analysis.  This 
procedure  uses  FE  methodology  only  because  of  the  widespread  availability  and 
use  of  this  technology.  Although  other  methods  of  conducting  a  Level  2  thermal 
analysis  are  available,  these  procedures  are  most  commonly  used. 


Input  Properties  and  Parameters 

The  level  of  data  detail  depends  on  the  complexity  of  a  Level  2  thermal  analy¬ 
sis.  Parametric  analysis  should  be  routinely  conducted  at  this  level,  using  a 
rational  number  and  range  of  input  properties  and  parameters  to  evaluate  likely 
thermal  problems. 

Step  1:  Determine  ambient  conditions.  Level  2  analyses  may  be  based 
upon  average  monthly  temperatures  for  a  less  complex  analysis,  or  on  average 
expected  daily  temperatures  for  each  month  for  a  complex  analysis.  Wind  vel¬ 
ocity  data  are  generally  needed  for  computing  heat  transfer  coefficients.  Extreme 
ambient  temperature  input  conditions,  such  as  cold  fronts  and  sudden  cold  res¬ 
ervoir  temperatures,  can  and  should  be  considered  when  appropriate  to  identify 
possible  problems. 

Step  2:  Determine  material  properties.  Thermal  properties  required  for  FE 
thermal  analysis  include  thermal  conductivity,  specific  heat,  adiabatic  temperature 
rise  of  the  concrete  mixture(s),  and  density  of  the  concrete  and  foundation  materi¬ 
als.  Coefficient  of  thermal  expansion  is  required  for  computing  induced  strain 
from  temperature  differences.  Moduli  of  elasticity  of  concrete  and  foundation 
materials  are  required  for  determination  of  foundation  restraint  factors.  Tensile 
strain  capacity  test  results  are  important  for  cracking  evaluation.  When  tensile 
strain  capacity  data  are  not  available,  the  methodology  presented  in  Appendix  A 
may  be  used  to  estimate  probable  tensile  strain  capacity  performance  of  the 
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concrete.  Creep  test  results  are  necessary  to  determine  the  sustained  modulus  of 
elasticity  (or  an  estimate  of  Ems  is  made)  if  stress-based  cracking  analysis  is  used. 

Step  3:  Determine  construction  parameters.  Construction  parameters 
must  be  compiled  which  include  information  about  concrete  placement  tempera¬ 
ture,  structure  geometry,  lift  height,  construction  start  dates,  concrete  placement 
rates,  and  surface  treatment  such  as  formwork  and  insulation  that  are  possible 
during  construction  of  the  MCS.  To  determine  concrete  placement  temperature,  a 
first  approximation  is  to  assume  that  concrete  placement  temperatures  directly 
parallel  the  mean  daily  ambient  temperature  curve  for  the  project  site.  Actual 
placement  temperature  data  from  other  projects  can  be  used  for  prediction,  modi¬ 
fied  by  ambient  temperature  data  differences  between  the  different  sites.  The 
temperature  of  the  aggregate  stockpiles  may  change  more  slowly  than  does  the 
ambient  temperature  in  the  spring  and  fall.  Hence,  placement  temperatures  during 
spring  months  may  lag  several  degrees  below  mean  daily  air  temperatures,  while 
placement  temperatures  in  the  fall  may  lag  several  degrees  above  mean  daily  air 
temperatures. 

a.  Surface  heat  transfer  coefficients.  Surface  heat  transfer  coefficients  (film 
coefficients)  are  applied  to  all  exposed  surfaces  to  represent  the  convec¬ 
tion  heat  transfer  effect  between  a  fluid  (air  or  water)  and  a  concrete  sur¬ 
face,  in  addition  to  the  conduction  effects  of  formwork  and  insulation 
The  following  equations  are  taken  from  the  American  Society  of  Heating, 
Refrigerating  and  Air  Conditioning  Engineers  (ASHRAE)  (1977).  These 
equations  may  be  used  for  computing  the  surface  heat  transfer  coefficients 
to  be  included  in  any  of  the  FE  codes  for  modeling  convection. 

For  surfaces  without  forms,  the  coefficients  should  be  computed  based  on 
the  following: 


for  V  <  17. 5 km/h  (10.9  mph ):  h  =  aVb  W/m2 
- K  ( Btu  /  day  -  in.2  -  deg .  F) 

for  V  >  17.5 km/h  (10.9  mph):  h  =  c+  d(V)  W/m2 
-K (Btu /day -in.2  -deg.  F) 

where 

V=  wind  velocity  in  km/h  (mph) 
h  =  surface  heat  transfer  coefficient  or  film  coefficient 
a  =  2.6362  (0.1 132) 
b  =  0.8  (0.8) 
c  =  5.622  (0.165) 
d=  1.086(0.0513) 
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The  wind  velocity  may  be  based  on  monthly  average  wind  velocities  at 
the  project  site.  Data  can  be  obtained  for  a  given  location  and  then 
generalized  over  a  period  of  several  months  for  input  into  the  analysis. 

b.  Forms  and  insulation.  If  forms  and  insulation  are  in  place,  then  the 
values  for  h  computed  in  the  equations  above  should  be  modified  as 
follows: 


h'  = 

h'  = 

where 

h  '  —  revised  surface  heat  transfer  coefficient 
b  =  thickness  of  formwork  or  insulation 
k  =  conductivity  of  formwork  or  insulation 
^fonnwork=  R  value  of  formwork 
Riw i,rinn=  R  value  of  insulation 


V  ^  yfonnwoik 


lr 

\  #v  /insulation 


+ 


Kh  j 


D  I  D  i 

•^formwork  '  ^insulation 


.h. 


(4) 


Temperature  Analysis 

Step  4:  Prepare  temperature  model. 

a.  Various  temperature  analysis  methods  suitable  for  Level  2  thermal  analy¬ 
sis  are  discussed  in  EM  1 1 10-2-2000.  Either  step-by-step  integration 
methods  or  FE  models  may  be  used  for  Level  2  temperature  analysis  or 
mass  and  surface  gradients.  If  step-by-step  integration  methods  are  used, 
the  computation  or  numerical  model  should  be  programmed  into  a  per¬ 
sonal  computer  spreadsheet.  The  decision  on  whether  to  use  FE  1-D  strip 
models  or  2-D  section  analysis  is  generally  based  on  complexity  of  the 
structure,  complexity  of  the  construction  conditions,  and  on  the  stage  of 
project  design.  Often  1-D  strip  models  are  used  first  for  parametric 
analyses  to  identify  concerns  for  more  detailed  2-D  analysis. 

b.  Compute  temperature  histories.  Once  computed,  temperature  data  should 
be  tabulated  as  temperature-time  histories  and  temperature  distributions  to 
obtain  good  visual  representations  of  temperature  distribution  in  the  struc¬ 
ture.  Hollenbeck  and  Tatro  (2000)  provide  examples  of  temperature 
distribution  plots.  Appropriate  locations  can  then  be  selected  for 
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temperature  distribution  histories  at  which  mass  gradient  and  surface 
gradient  analyses  will  be  conducted. 

Step  5:  Mass  gradient  temperature  analysis.  Temperature-time  histories, 
showing  the  change  in  temperature  with  time  at  specific  locations  after  placing, 
are  generally  used  to  calculate  temperature  differences  for  mass  gradient  cracking 
analysis.  Temperature  differences  for  mass  gradient  cracking  analysis  are  gen¬ 
erally  computed  as  the  difference  between  the  peak  concrete  temperatures  and  the 
final  stable  temperatures  that  the  cooling  concrete  will  eventually  reach. 

Step  6:  Surface  gradient  temperature  analysis.  The  objective  of  surface 
gradient  temperature  analysis  is  to  determine  at  desired  critical  locations  the  varia¬ 
tion  of  surface  temperatures  with  depth  and  with  time.  This  can  be  performed 
effectively  with  1-D  strip  models  or  with  2-D  analysis.  Thinner  sections  may 
require  temperature  distributions  entirely  across  the  structure,  while  large  sections 
often  only  require  temperature  to  be  evaluated  to  some  depth  where  temperature 
changes  are  relatively  slow.  Ideally,  temperature  distribution  histories  are  gener¬ 
ated  for  a  single  lift,  tabulated  from  one  surface  to  the  other  (or  a  stable  interior) 
with  each  distribution  representing  temperatures  for  a  specific  time  after 
placement. 


Cracking  Analysis 

Step  7:  Mass  gradient  cracking  analysis.  The  mass  gradient  temperature 
differences  are  used  with  Cth  and  restraint  factors  (Kf  and  KR)  to  evaluate  mass 
gradient  cracking  potential,  using  Equation  1.  Computed  mass  gradient  strains  are 
compared  against  tensile  strain  capacity  to  evaluate  cracking  potential.  For  a 
stress-based  mass  gradient  cracking  analysis,  the  sustained  modulus  of  elasticity 
corresponding  to  the  time  frame  of  the  analysis  is  used  to  convert  strains  calcu¬ 
lated  by  Equation  1  to  stresses.  The  use  of  the  sustained  modulus  allows  for  the 
relief  of  temperature-induced  stress  due  to  creep.  These  stresses  are  compared  to 
the  tensile  strength  of  the  concrete  at  the  appropriate  age  to  determine  where  and 
when  cracking  may  occur. 

Step  8:  Surface  gradient  cracking  analysis.  Surface  gradient  cracking 
analysis  is  based  on  higher  temperature  differences  in  the  surface  concrete  com¬ 
pared  to  the  more  slowly  cooling  interior  which  creates  areas  of  tension  in  the 
surface  to  some  depth,  H.  Tensile  strain  is  calculated  based  on  Co,,  the  tempera¬ 
ture  difference  at  some  depth  of  interest,  and  the  degree  of  restraint  based  on  H. 

a.  Temperature  differences  are  calculated  using  as  a  basis  the  temperature 
when  the  concrete  first  begins  hardening,  rather  than  a  peak  temperature 
as  used  in  mass  gradient  computations.  These  temperature  differences, 
with  time  and  depth,  allow  determination  of  tensile  and  compression 
zones  near  the  concrete  surfaces.  The  point  at  which  tension  and  com¬ 
pression  zones  balance  is  considered  a  stress-strain  free  boundaiy  (located 
at  H  from  the  surface)  used  to  compute  restraint  for  surface  gradient 
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analysis.  This  point  is  generally  calculated  by  evaluating  temperature 
differences  at  depth  with  respect  to  temperature  differences  at  the  surface. 

b.  Reference  or  initial  temperatures  for  a  surface  gradient  analysis  are 
defined  as  the  temperatures  in  the  structure  at  the  time  when  the  concrete 
begins  to  harden  and  material  properties  begin  to  develop.  Generally,  this 
time  is  established  at  concrete  ages  of  0.25, 0.5,  or  1 .0  day.  This  age  is 
dependent  upon  the  rate  at  which  the  concrete  achieves  final  set,  the  rate 
of  subsequent  cement  hydration,  and  the  properties  of  the  mixture.  For 
very  lean  concrete  mixtures  at  normal  temperature,  a  baseline  time  of 

1 .0  day  may  be  reasonable.  Mixtures  that  gain  strength  more  rapidly  at 
early  ages  may  be  better  approximated  by  an  earlier  reference  time  of 
0.25  or  0.33  day  (6  or  8  hours). 

c.  Internal  restraint  factors,  KR,  are  computed  using  Equation  4. 1  or  4.2  in 
ACI  207.2R,  depending  upon  the  ratio  of  L/H,  where  L  is  the  horizontal 
distance  between  joints  or  ends  of  the  structure,  and  H  is  the  depth  of  the 
tension  block.  Induced  tensile  strains  are  computed  at  each  analysis  time 
from  Equation  1  using  the  coefficient  of  thermal  expansion,  the  tempera¬ 
ture  differences  between  the  surface  and  interior  concrete,  and  the  com¬ 
puted  internal  restraint  factors.  KR  is  assumed  to  be  equal  to  1.0  for 
internal  restraint  conditions.  These  strains  are  compared  with  slow-load 
tensile  strain  capacity  (selected  or  tested  to  correspond  to  the  time  that 
strains  are  generated)  to  determine  cracking  potential. 

d.  Stress-based  surface  gradient  cracking  analysis  is  often  handled  in  a 
slightly  different  way,  particularly  in  the  way  creep  is  accounted  for  in  the 
analysis.  Commonly,  incremental  temperature  differences  at  different 
depths  and  times  are  computed.  These  incremental  temperature  differ¬ 
ences  are  converted  to  incremental  stresses,  including  creep  effects,  using 
the  Co,,  E^,  and  KR.  The  incremental  stresses  generated  during  each  time 
period  are  summed  to  determine  the  cumulative  tensile  stress  in  the  sur¬ 
face  concrete  at  various  depths.  These  stresses  are  compared  to  the  tensile 
strength  of  the  concrete  at  the  appropriate  age  to  determine  cracking 
potential. 


Conclusions  and  Recommendations 

Conclusions  and  recommendations  typically  include  expected  maximum 
temperatures  for  starting  placement  in  different  seasons,  expected  transverse  and 
longitudinal  cracking  without  temperature  or  other  controls,  recommended  con¬ 
crete  placement  temperature  limitations,  anticipated  concrete  precooling  measures, 
need  for  adjustment  in  concrete  geometry,  properties,  joint  spacing,  and  the  sensi¬ 
tivity  of  the  thermal  analysis  to  changes  in  parameters.  Typical  temperature  con¬ 
trol  measures  evaluated  might  include  reduced  lift  heights,  use  of  insulated  forms, 
and  reduction  in  mix  cement  content.  The  potential  for  thermal  shock  may  be 
addressed.  In  addition,  recommendations  for  further  or  more  advanced  thermal 
analysis  should  be  provided  and  justified. 
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5  Level  2  Analysis,  American 
River  RCC  Gravity  Dam 


General 

An  example  of  a  1-D  mass  gradient  and  a  surface  gradient  analysis  in  a 
Level  2  thermal  study  of  an  MCS  is  presented  below.  This  example  is  based  on 
preliminary  1-D  analyses  performed  during  feasibility  studies  on  a  proposed  large 
flood-control  RCC  gravity  dam  on  the  American  River  in  California.  This  dam 
was  planned  to  be  146  m  (480  ft)  high,  792  m  (2,600  ft)  long,  with  a  downstream 
face  slope  of  0.7H:1.0V. 

The  1-D  analysis  was  used  as  a  screening  tool  only  to  provide  preliminary 
evaluation  of  several  concerns  and  to  develop  information  for  more  detailed  analy¬ 
ses.  These  studies  were  conducted  to  ascertain  the  general  extent  of  thermal 
cracking  (cracking  due  to  mass  thermal  gradients  and  surface  thermal  gradients), 
for  guidance  in  selecting  an  appropriate  joint  spacing  to  accommodate  transverse 
thermal  cracking,  to  evaluate  the  possibility  of  longitudinal  cracking  in  the  struc¬ 
ture,  and  for  early  planning  and  cost-estimating  purposes.  Figure  1  illustrates  the 
1-D  strip  models  employed  in  this  analysis  and  the  overall  dam  proportions. 

FE  analysis  in  this  study  was  used  only  to  determine  temperature  history  for 
the  various  schedule  alternatives,  using  the  FORTRAN  program  “THERM” 
(Wilson  1968).  Stresses  were  determined  by  manual  computational  methods, 
based  on  temperature  change  computed  by  the  FE  temperature  analysis,  the  coef¬ 
ficient  of  thermal  expansion,  the  sustained  modulus  of  elasticity,  and  the  degree  of 
restraint.  To  account  for  stress  relief  due  to  creep  and  because  the  mass  concrete 
modulus  of  elasticity  is  very  low  at  early  ages,  the  analysis  is  segmented  into  sev¬ 
eral  time  spans,  1  to  3  days,  3  to  7  days,  and  7  to  28  days.  This  allows  use  of 
changing  material  properties  (modulus  and  creep)  to  be  used  for  each  time  span, 
as  well  as  changing  h  and  H  dimensions  of  the  surface  gradient  tension  block  with 
time.  Consequently,  temperature  changes  were  determined  for  each  time  span. 


Input  Properties  and  Parameters 

At  this  early  stage  in  the  planning  process,  many  of  the  details  of  the  structure, 
materials  performance,  and  placement  constraints  have  not  been  determined  and 
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Figure  1 .  FE  strip  models 

can  only  be  approximated.  It  was  decided  that  it  would  be  prudent  to  make  a  rea¬ 
sonable  estimate  of  those  unknown  parameters  and  limit  the  study  to  evaluating 
the  effects  of  variations  of  only  a  few  items.  In  this  study,  those  items  subject  to 
variations  are  certain  material  properties  and  the  placing  schedule. 

Step  1:  Determine  ambient  conditions.  Ambient  air  temperature  data  were 
produced  from  National  Oceanic  and  Atmospheric  Administration  (NOAA)  local 
climatological  data.  From  these  data,  seven  series  of  daily  air  temperature  curves 
(shown  in  Figure  2)  were  developed,  each  representing  the  daily  temperature  cycle 
for  one  or  more  months.  No  data  were  available  on  how  temperatures  vary  during 
each  day.  The  curves  are  an  estimate  of  the  daily  profile  as  it  varies  for  each 
month  throughout  the  year.  No  means  of  incorporating  heat  from  solar  gain  was 
included  in  this  analysis. 
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Figure  2.  Daily  ambient  temperature  cycles 


Step  2:  Determine  material  properties.  Table  5  summarizes  the  applicable 
thermal  and  elastic  properties  of  the  materials  considered  for  use  in  the  structure. 
Most  of  the  properties  for  the  RCC  and  the  foundation  rock  were  estimated,  or 
were  the  product  of  laboratoiy  testing.  Approximated  values  used  for  the  modulus 
of  elasticity,  tensile  strength,  and  creep  rate  are  shown  in  Figure  3.  Three  mate¬ 
rials  were  utilized  for  the  analysis  of  the  foundation  and  the  dam  construction. 

The  foundation  rock  was  assumed  to  provide  thermal  behavior  similar  to  the 
amphibolite  aggregate.  The  first  200  lifts  of  the  dam  use  an  RCC  mixture  with 
damsite  alluvium  aggregates.  The  remaining  280  lifts  utilize  an  RCC  mixture 
with  amphibolite  (metamorphosed  sandstone)  aggregate  from  the  damsite. 


Table  5 

RCC  Material  Properties  for  Mixtures 

Property 

Units 

Damsite  Alluvium 

Damsite  Amphibolite 

Coefficient  of  thermal  expansion  (C*)1 

IlfaHjinHi 

7.2 

(4.00) 

6.9 

(3.86) 

Thermal  conductivity  (K) 

W/m-K  (Btu/ft-hr-deg  F) 

2.42  (1.4) 

2.77  (1.6) 

Diffusivity  (A)2) 

m2/hr  (ff/hr) 

0.038  (0.041) 

0.0039  (0.042) 

Specific  heat  © 

kJ/kg-K  (Btu/lb-deg  F) 

0.92  (0.22) 

0.92  (0.22) 

Cement  content1 

kg/m2  (Ib/cy) 

107  (180) 

107  (180) 

Flyash  content1 

kg/m2  (Ib/cy) 

53  (90) 

53  (90) 

Adiabatic  temperature  rise  (A 7^) 

deg  C  (deg  F) 

15  (27) 

15  (27) 

Density1 

kg/m3  (lb/ft3) 

2,483  (155) 

2,643  (165) 

Tensile  strain  cap.  (etc)  @  7-90  days 

millionths 

100 

100 

|  1  From  test  results. 
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Figure  3.  Estimated  elastic  and  creep  properties 
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Step  3:  Determine  construction  parameters. 

a.  Construction  start  dates.  To  evaluate  the  effects  of  different  construction 
start  dates,  the  placement  of  concrete  was  evaluated  during  four  time 
intervals.  The  initiation  of  RCC  placements  was  set  at  1  January,  1  April, 
1  July,  and  1  October  of  each  year  for  the  mass  gradient  analysis.  For  the 
surface  gradient  analysis,  a  1  January  start  date  was  assumed. 

b.  Concrete  placing  temperature.  The  temperature  of  the  concrete  aggre¬ 
gates  has  the  greatest  influence  on  the  initial  temperature  of  the  fresh 
RCC.  Because  of  the  low  volume  of  mix  water,  and  the  minor  tempera¬ 
ture  differential  of  the  water  compared  to  the  aggregate,  the  water  tem¬ 
perature  has  a  much  less  significant  effect  on  overall  temperature.  Figure 
4  provides  the  basis  for  the  placing  temperatures  used  in  this  study.  Since 
aggregate  production  will  be  done  concurrently  with  RCC  placement  and 
regional  temperatures  tend  to  be  moderate,  stockpile  temperatures  should 
closely  parallel  the  average  monthly  ambient  temperatures.  Some  heat  is 
added  because  of  screening,  crushing,  and  transportation  activities,  as 
shown  in  Figure  4,  based  on  experience. 

c.  Placement  assumptions.  The  RCC  structure  will  be  composed  of  two 
RCC  mixtures,  as  previously  described.  The  RCC  placement  will  be  in  a 
610-mm  (24-in.)  lift  operation.  The  FE  model  is  dimensioned  having 
elements  305  mm  (12  in.)  in  height.  This  allows  future  evaluations  of 
305-mm  (12-in.)  placing  schemes,  if  desired.  The  RCC  placement  was 
assumed  to  occur  on  a  schedule  of  6  days  per  week,  20  horns  per  day,  for 
the  duration  of  the  placement. 


Temperature  Analysis 

Step  4:  Prepare  temperature  model  (FE). 

a.  The  FORTRAN  FE  program  “THERM,”  developed  originally  by  Wilson 
(Wilson  1968),  was  used  on  a  PC  for  the  temperature  analysis  in  this 
example.  An  Excel  spreadsheet  was  used  for  development  of  an  input  file 
for  THERM.  Output  nodal  temperatures  were  imported  into  Excel 
spreadsheets  for  further  analysis  of  cracking  and  graphical  output.  The 
FE  grid,  termed  the  mesh,  provides  more  realistic  results  as  it  more  accur¬ 
ately  simulates  the  geometry  of  the  structure.  Since  1-D  models  (strip 
models)  were  used  for  the  mass  gradient  analysis,  heat  only  flowed  verti¬ 
cally  in  or  out  of  the  model.  Lateral  heat  flow  in  the  upstream  or  down¬ 
stream  direction  was  not  modeled.  It  is  anticipated  that  actual  heat 
dissipation  in  the  dam  over  the  long  term  will  be  at  a  more  rapid  rate  than 
the  model  predicts.  Since  RCC  construction  is  the  continuous  placement 
of  relatively  thin  lifts,  it  is  best  modeled  with  elements  of  a  height  equiva¬ 
lent  to  the  lift  height  or  less.  Unfortunately,  since  the  American  River 
Dam  is  a  very  massive  structure,  a  mesh  that  provides  ample  detail  would 
be  monumental.  A  mesh  of  this  magnitude  is  not  necessary  for  the  extent 
of  evaluations  to  be  done  at  this  stage.  Consequently,  it  was  determined 
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Figure  4.  RCC  placing  temperatures 
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that  a  reasonable  determination  of  internal  temperatures  could  be  done 
using  strip  models.  A  strip  model  is  simply  a  vertical  or  horizontal  “strip” 
of  elements,  usually  only  one  element  wide.  Heat  flows  through  the  ends 
of  the  strip,  but  no  heat  flows  from  the  sides.  The  model  is  located  where 
necessary  to  simulate  the  thermal  activity  at  that  location.  While  the 
effects  of  many  factors  cannot  be  easily  modeled  using  this  method,  gen¬ 
eralized  behavior  can  be  determined. 

b.  The  primary  mesh  for  mass  gradient  analysis,  shown  in  Figure  1 ,  is  com¬ 
posed  of  500  elements  and  1,002  nodes.  It  simulates  a  strip  through  a 
cross  section  of  the  dam  originating  6  m  (20  ft)  in  the  foundation  rock. 
Elements  1  to  20  form  the  rock  foundation  with  the  bottom  row  of  nodes 
set  at  a  fixed  temperature  of  1 15.5  deg  C  (60  deg  F),  the  mean  annual  air 
temperature  for  the  area.  An  arbitrary  time  of  30  days  is  allowed  to  elapse 
prior  to  concrete  placement  to  allow  the  rock  temperatures  to  stabilize. 

c.  The  RCC  at  about  dam  midheight  was  evaluated  for  a  surface  temperature 
gradient.  The  surface  gradient  strip  model  spans  from  the  exposed  sur¬ 
face  along  a  single  lift  to  a  point  inside  the  structure  where  temperatures 
are  assumed  to  not  be  influenced  by  ambient  conditions.  A  small  FE 
model  was  generated  of  approximately  82  nodes  and  40  elements.  Tem¬ 
perature  histories  of  these  nodes  were  then  determined.  The  exterior  sur¬ 
face  of  the  surface  gradient  strip  model  was  assumed  to  be  fully  exposed, 
with  no  insulation,  using  a  heat  transfer  coefficient  of  28.45  W/m2-K 
(5.011  Btu/ft2 -hr-deg  F). 


Compute  Temperature  Histories 

Step  5:  Mass  gradient  temperature  analysis.  Graphic  representations  for 
each  of  the  four  cases  analyzed  (one  for  each  season)  are  shown  in  Figures  5 
through  12.  The  first  graph  in  each  set  is  a  time-history  of  nodal  temperatures  for 
selected  nodes  in  the  structure.  This  graph  is  useful  to  determine  the  time  when 
certain  zones  in  the  structure  reach  certain  temperatures.  The  second  graph  dis¬ 
plays  the  maximum  and  minimum  temperature  experienced  by  each  node.  Note 
that  these  maximum s  and  minimums  occur  at  different  times.  The  minimum  tem¬ 
peratures  of  adjacent  nodes  fluctuate  approximately  4  deg  C  (8  deg  F)  because  of 
ambient  temperature  fluctuations.  This  graph  is  useful  in  determining  the  maxi¬ 
mum  temperature  differentials,  as  well  as  determining  the  critical  zones. 

Step  6:  Surface  gradient  temperature  analysis.  Graphic  representation  of 
the  single  start  date  case  analyzed  is  shown  in  Figure  13,  and  is  comprised  of  fam¬ 
ilies  of  curves  representing  temperature  change  with  time  for  different  depths 
from  the  exterior  surface  of  the  MCS.  Figure  14  shows  these  temperatures  con¬ 
verted  to  a  family  of  curves  of  time  versus  distance  from  the  surface  on  the  x-axis. 
This  conversion  is  done  to  ease  the  subsequent  cracking  analysis  computations. 
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Figure  5.  Mass  gradient  temperature  histories  for  1  January  start 


Figure  6.  Mass  gradient  peak  temperatures  for  1  January  start 
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ire  9.  Mass  gradient  temperature  histories  for  1  July  start 


110 

100 

90 

ao 

70 

60 

50 

40 

0  100  200  300  400  500  600  700  800  900  1000 

Node  Number 

Figure  10.  Mass  gradient  peak  temperatures  for  1  July  start 
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Figure  1 1 .  Mass  gradient  temperature  histories  for  1  April  start 


Figure  12.  Mass  gradient  peak  temperatures  for  1  April  start 
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Figure  13.  Temperature  history  for  selected  nodes  from  surface  gradient  model 


Figure  14.  Surface  gradient  temperature  distribution 
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Cracking  Analysis 

It  is  assumed  for  the  purposes  of  this  study  that  the  initial  (baseline)  tempera¬ 
tures  of  the  hardened  RCC  are  those  temperatures  when  the  RCC  is  24  hours  old. 
Any  subsequent  change  in  temperature  from  this  base  forms  the  temperature  gra¬ 
dient.  For  surface  gradient  analysis,  the  shallowest  interior  nodes  where  temper¬ 
atures  do  not  change  are  assumed  to  be  the  location  of  the  stress-  and  strain-free 
surface.  The  distance  from  the  surface  to  the  location  under  consideration  is  used 
to  calculate  restraint  factors  (KR)  for  both  surface  and  mass  gradient  analysis. 

Step  7:  Mass  gradient  cracking  analysis.  Several  general  statements  can 
be  made  regarding  the  data.  At  locations  low  in  the  structure  near  the  foundation, 
restraint  conditions  are  the  greatest.  Consequently,  allowable  temperature  differ¬ 
entials  are  at  a  minimum  there.  Progressing  up  and  away  from  the  foundation, 
restraint  decreases,  allowing  a  greater  temperature  differential  before  the  onset  of 
cracking.  The  graphs  (Figures  6,  8, 10,  and  12)  in  each  of  the  analysis  sets  repre¬ 
sent  sections  for  the  full  height  of  the  structure.  However,  the  data  can  be  applied 
to  dam  sections  founded  at  higher  elevations  (eg.,  the  abutments)  by  merely  mov¬ 
ing  the  y-axis  to  the  right  to  a  point  corresponding  to  the  appropriate  foundation 
elevation.  In  this  manner,  the  performance  of  the  entire  structure  can  be  evalu¬ 
ated.  In  general,  no  cracking  is  expected  if  peak  temperatures,  low  in  the  struc¬ 
ture,  do  not  exceed  29.4  deg  C  (85  deg  F)  because  long-term  cooling  of  the 
structure  to  15.5  deg  C  (60  deg  F)  results  in  a  13.9-deg  C  (25-deg  F  )  differential. 
Where  nodal  temperatures  approach  37.8  deg  C  (100  deg  F),  they  can  be  expected 
to  remain  above  29.4  deg  C  (85  deg  F)  for  at  least  5  years,  and  final  cooling  of  the 
interior  to  15.5  deg  C  (60  deg  F)  may  take  15  to  20  years. 

a.  Placement  start  on  1  January  (Figures  5  and  6).  Peak  temperatures  of 
29.4  to  37.8  deg  C  (85  to  100  deg  F)  are  realized  in  the  part  of  the  struc¬ 
ture  represented  by  nodes  200  to  500.  This  peak  occurs  during  the  month 
of  July,  after  approximately  200  days  of  placement.  Initial  placements  for 
the  large  monoliths  are  performed  during  the  cool  part  of  the  year  (winter 
and  early  spring),  resulting  in  crack-free  performance.  Higher  in  the 
structure,  where  peak  temperatures  exceed  29.4  deg  C  (85  deg  F),  crack¬ 
ing  does  not  occur  because  foundation  restraint  is  reduced.  The  place¬ 
ments  generating  peak  temperatures  and  resultant  strains  that  may  initiate 
cracking  are  those  placements  on  the  abutments  between  elevation  90  and 
240  for  a  January  start.  This  can  be  seen  in  Figure  6.  Nodes  200  to  500 
exceed  29.4  deg  C  (85  deg  F).  These  nodes  are  located  27  to  73  m  (90  to 
240  ft)  above  the  deepest  foundation  elevation. 

b.  Placement  start  on  1  October  (Figures  7  and  8).  Peak  temperatures  of 
29.4  to  37.8  deg  C  (85  to  100  deg  F)  are  realized  in  the  part  of  the  struc¬ 
ture  represented  by  nodes  300  to  900.  This  peak  occurs  during  the  month 
of  July,  after  approximately  300  days  of  placement.  Initial  placements  for 
the  large  monoliths  are  performed  during  the  cooler  part  of  the  year  (fall, 
winter,  and  early  spring),  and  peak  temperatures  never  reach  the  critical 
level  of  29.4  deg  C  (85  deg  F).  However,  higher  in  the  structure,  where 
temperatures  do  exceed  29.4  deg  C  (85  deg  F),  cracking  does  not  occur 
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because  foundation  restraint  is  reduced.  For  an  October  start,  the  place¬ 
ments  generating  peak  temperatures  and  resultant  strains  that  may  initiate 
cracking  are  those  placements  on  the  abutments  at  elevations  43  to  134  m 
(140  to  440  ft)  from  the  lowest  foundation  elevation. 

c.  Placement  start  on  1  July  (Figures  9  and  1 0).  Peak  temperatures  of  29.4 
to  37.8  deg  C  (85  to  100  deg  F)  are  realized  in  the  part  of  the  structure 
represented  by  nodes  50  to  200  and  500  to  1000.  This  peak  occurs  after 
approximately  100  days  of  placement  (during  the  month  of  July)  for  the 
early  placements,  and  1  year  later  for  the  upper  dam  placements.  Initial 
placements  for  the  large  monoliths  are  performed  during  the  warmest  part 
of  the  year  (the  summer  and  early  fall  months),  and  peak  temperatures 
exceed  the  critical  level  of  29.4  deg  C  (85  deg  F).  However,  higher  in  the 
structure,  where  temperatures  do  exceed  29.4  deg  C  (85  deg  F),  cracking 
does  not  occur  because  foundation  restraint  is  reduced.  For  a  July  start, 
the  additional  placements  generating  peak  temperatures  and  resultant 
strains  that  may  initiate  cracking  are  those  placements  on  the  abutments  at 
elevations  73  to  146  m  (240  to  480  ft)  above  the  lowest  foundation 
elevation. 

d.  Placement  start  on  1  April  (Figures  1 1  and  12).  Peak  temperatures  of 
29.4  to  37.8  deg  C  (85  to  100  deg  F)  are  realized  in  the  part  of  the  struc¬ 
ture  represented  by  nodes  100  to  400  and  800  to  1000.  This  peak  occurs 
during  the  month  of  July,  after  approximately  100  days  of  placement  for 
the  early  placements,  and  1  year  later  for  the  upper  dam  placements. 

Initial  placements  for  the  large  monoliths  are  performed  during  the 
moderate  part  of  the  year  (the  spring),  avoiding  cracking.  Higher  in  the 
structure,  where  temperatures  exceed  29.4  deg  C  (85  deg  F),  cracking 
does  not  occur  because  foundation  restraint  is  reduced.  Additional  place¬ 
ments  generating  peak  temperatures  and  resultant  strains  that  may  initiate 
cracking  are  those  placements  on  the  abutments  from  an  elevation  12  to 
49  m  (40  to  160  ft)  above  the  lowest  foundation  elevation  and  placements 
near  the  top  of  the  dam. 

e.  Mass  gradient  cracking  analysis  results.  Table  6  summarizes,  for  each 
placing  schedule  evaluated,  the  nodes  and  the  node  locations  where  mass 
gradient  thermal  cracking  is  expected.  The  “Height  Above  Foundation” 
refers  to  those  abutment  foundation  locations  at  elevations  above  the 
lowermost  foundation  elevation.  For  example,  a  January-start  schedule 
results  in  probable  cracking  of  nodes  200  to  400,  and  foundation  eleva¬ 
tions  located  27  to  73  m  (90  to  240  ft)  above  the  lowest  foundation 
elevation. 

Uncontrolled  RCC  placing  temperatures  will  result  in  peak  temperatures  of 
37.8  deg  C  (100  deg  F)  and  ultimate  temperature  differentials  of  22.2  deg  C 
(40  deg  F).  The  maximum  temperature  differential  calculated  from  tensile  strain 
capacity  and  the  coefficient  of  thermal  expansions  is  13.9  deg  C  (25  deg  F)  for  the 
near  term,  increasing  to  near  16.7  deg  C  (30  deg  F)  for  cooling  periods  of 
15  years.  Fall  and  winter  placements  result  in  cool  placing  temperatures,  with 
peak  temperatures  for  those  placements  of  less  than  29.4  deg  C  (85  deg  F). 
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Table  6 
Summary  o 

F  Locations  of  Mass  Gradient  Thermal  Cracks 

Schedule 

Peak  Temp,  deg  C  (deg  F) 

Critical  Nodes 

Height  Above  Foundation,  m  (ft) 

Jan 

37.8  (100) 

200-400 

27  -  73  (90-240) 

Oct 

37.8  (100) 

300-900 

43  -  134  (140-440) 

July 

37.8  (100) 

50-200  and  500-1000 

73-146  (240-480) 

April 

37.8  (100) 

100-400  and  800-1000 

12-49  (40-160)  and  near  top  of  dam 

Spring  and  summer  placements  result  in  peak  temperatures  exceeding 
29.4  deg  C  (85  deg  F),  making  cracking  veiy  probable.  Cracking  is  generally 
induced  at  the  foundation,  where  tull  restraint  occurs  and  progresses  up  until 
restraint  conditions  lessen  to  the  point  where  the  driving  force  behind  the  crack  is 
reduced.  Since  the  force  to  propagate  an  existing  crack  is  less  than  the  force 
necessary  to  initiate  the  crack,  it  seems  appropriate  to  assume  that  existing  cracks 
may  propagate  further.  The  values  shown  in  Table  6  do  not  include  this  extra 
crack  height.  Longitudinal  cracking  of  the  RCC  in  the  large  sections  is  not 
expected  to  be  a  problem  when  placement  is  done  during  the  cool  periods  of  the 
year.  If  these  placements  are  done  during  the  hot  periods  of  the  year,  longitudinal 
cracking  may  occur.  As  construction  progresses,  placement  of  smaller  RCC 
sections  (those  placements  founded  on  rock  at  higher  elevations)  during  hot 
periods  is  unavoidable.  Longitudinal  cracking  of  RCC  placed  against  higher 
elevation  foundation  areas  during  these  periods  may  occur.  The  conditions  that 
may  initiate  longitudinal  cracking  may  also  initiate  transverse  cracking.  The 
occurrence  of  transverse  cracks  can  be  reduced  by  installing  transverse  joints, 
thereby  reducing  the  restraint. 

Step  8:  Surface  gradient  cracking  analysis.  Surface  gradient  analysis  was 
performed  for  several  concrete  placement  start  times,  including  the  1  January  start 
time  shown  in  this  example.  The  effects  of  transverse  joints  at  three  different 
spacings  were  evaluated,  including  30  m  (100  ft),  61  m  (200  ft),  and  91m 
(300  ft).  The  amphibolite  aggregate  RCC  mixture  was  used  in  the  evaluation.  The 
procedure  described  here  allows  for  consideration  of  changing  concrete  properties 
with  age,  such  as  E  and  creep,  as  well  as  changing  h  and  H  dimensions  of  the  sur¬ 
face  gradient  tension  block  with  time. 

a.  Figure  13  presents  the  temperature  data  as  a  time-history  plot  for  the  con¬ 
ditions  that  should  create  the  greatest  surface  gradient.  Replotting  the 
same  data,  based  on  nodal  locations,  yields  Figure  14.  Note  that  each 
curve  represents  the  temperature  cross  section  of  the  structure  for  a  spe¬ 
cific  time.  Each  curve  extends  into  the  structure  until  the  temperature 
becomes  constant.  Temperature  differentials  at  specific  locations  are 
selected  from  Figure  14  and  listed  in  Figure  15  for  91-m  (300-ft)  joint 
spacing.  Two  basic  assumptions  are  made  in  this  analysis.  First,  tem¬ 
peratures  of  the  RCC,  at  an  age  of  24  hours,  are  the  baseline  temperatures 
against  which  temperature  change  is  determined.  Second,  the  stress-strain 
free  surface  is  assumed  to  be  the  depth  at  which  the  temperature  change, 
measured  from  the  baseline  temperature,  approaches  0.  Figure  15  shows 
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the  temperature  deviations  (dT)  from  the  baseline  temperature,  as  well  as 
the  depth  at  which  the  temperature  gradient  approaches  0.  The  Sum  dT 
temperature  differences  are  included  in  Figure  15  as  a  starting  point  for 
calculating  induced  stresses.  “Induced  dT”  or  the  individual  increments 
of  temperature  gradient  induced  with  each  age  period,  is  calculated  from 
the  “Sum  dT s.”  Sustained  modulus  of  elasticity  (Ems)  is  determined  in 
Figure  15  for  each  age  increment.  To  calculate  incremental  stress 
generated  by  temperature  gradients: 

Incremental  stress  =  (Ind  dT)(Ctr)(Ems) 

b.  To  determine  Kg,  Figure  4. 1  of  ACI  207.2R  or  Equation  4. 1  or  4.2  of  ACI 
207.2R  are  used,  requiring  calculation  of  H,  L,  and  h.  H  is  the  distance 
from  the  exterior  surface  to  the  stress-  and  strain-free  surface  at  each 
incremental  time  period  and  is  determined  from  the  Temperature  Differ¬ 
ential  Table  in  Figure  15  (note  H  for  each  age  increment  is  the  same).  L 
is  the  joint  spacing,  h  is  the  distance  from  the  surface  to  the  depth  of 
interest  (near  surface,  0.6 , 1.5,  3,  and  6  m  (2,  5, 10,  and  20  ft)  in  the 
figures),  and  h/H  is  the  proportion  of  H  from  the  surface  to  the  depth  of 
interest.  h/H  largely  determines  the  amount  of  restraint  at  any  location. 
For  L/H  s  2.5,  KR  is  calculated  as  follows: 


Kr  = 


^-2 

H 

A-! 

H 


\hffl 


“Adj  stress”  is  calculated  by: 

Adj  stress  =  (^^(Incremental  stress) 

Cumulative  stresses  are  then  summed  by  superposition  of  stress  from  each 
age  interval.  Crack  development  is  judged  by  whether  the  cumulative 
stress  exceeds  the  tensile  strength. 

c.  From  Figure  15  and  similar  computations  for  30-  and  61-m  (100-  and 
200-ft)  joint  spacings,  the  computations  indicate  that  surface  cracking  is 
not  likely  for  a  30-m  (100-ft)  joint  spacing.  Surface  cracking  may 
increase  to  a  depth  of  0.6  m  (2  ft)  for  joint  spacings  up  to  61  m  (200  ft) 
and  up  to  1.5  m  (5  ft)  for  joint  spacings  of  91  m  (300  ft).  The  full  extent 
of  surface  cracking  is  controlled  by  the  formation  of  the  initial  surface 
cracks.  For  example,  at  a  joint  spacing  of  91  m  (300  ft),  the  surface  may 
crack  at  the  midpoint.  The  analysis  shows  that  this  crack  may  propagate 
to  a  depth  of  1 .5  m  (5  ft)  after  several  weeks  to  months.  However,  the 
occurrence  of  this  crack  forms  a  new  joint  pattern  at  a  spacing  of  46  m 
(150  ft).  While  the  depth  of  cracking  may  not  be  sufficient  to  change  the 
restraint  conditions  (L/H),  it  may  be  enough  to  relieve  induced  stresses 
and  stabilize  the  crack  growth  to  depths  of  0.6  m  (2  ft).  A  joint  spacing  of 
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61  m  (200  ft)  may  be  an  optimum  spacing  for  this  project  based  on  the 
occurrence  of  surface  cracking.  Evaluation  of  the  combined  effects  of 
surface  gradient  strains  with  mass  gradient  strains  was  not  pursued,  since 
the  surface  gradient  strain  contribution  is  not  considered  to  be  significant 
to  the  overall  cracking  performance  of  the  structure  using  joint  spacings 
of  30  and  61  m  (100  and  200  ft). 

Conclusions  and  Recommendations 

The  maximum  temperature  differential  under  full  restraint  conditions  (KR 
=  1.0)  that  will  not  result  in  cracking  of  the  RCC  is  13.9  deg  C  (25  deg  F).  Since 
the  final  temperature  of  the  RCC  will  be  15.5  deg  C  (60  deg  F)  (the  average 
annual  temperature),  a  crack-free  peak  RCC  temperature  is  29.4  deg  C 
(85  deg  F).  This  allowable  differential  of  13.9  deg  C  (25  deg  F)  increases  as  the 
distance  of  the  RCC  placements  from  the  foundation  increases.  After  evaluating 
several  placing  schedules,  it  was  apparent  that  the  most  beneficial  conditions 
occurred  when  the  RCC  placement  of  the  lower  third  of  the  dam  commenced  in 
the  fall  of  the  year  and  was  completed  during  late  spring.  This  means  that,  for  the 
larger  dam  sections,  the  upper  two-thirds  would  then  be  placed  during  a  hotter 
time  period.  The  reduction  in  foundation  restraint  at  this  height  in  the  structure, 
however,  more  than  offsets  the  effects  of  the  higher  temperatures. 

Surface  gradients  were  evaluated  for  several  transverse  joint  intervals. 

Because  the  site  is  located  in  a  relatively  temperate  area,  where  cold  temperatures 
are  rare,  stresses  from  surface  gradients  were  of  little  consequence  for  joint  spac- 
ings  up  to  61  m  (200  ft).  Greater  joint  spacings  increase  the  depth  of  surface 
cracking. 

For  contraction  joints  set  at  a  spacing  of  approximately  61  m  (200  ft),  trans¬ 
verse  cracking  of  the  structure  may  occur  in  the  lower  6  to  12  m  (20  to  40  ft)  of 
the  structure.  Similarly,  longitudinal  cracking  may  occur  in  the  lower  6  to  12  m 
(20  to  40  ft)  of  the  structure  for  sections  of  the  dam  having  an  upstream- 
downstream  dimension  greater  than  61m  (200  ft).  Since  the  occurrence  of  a 
longitudinal  crack  could  create  serious  stability  concerns,  more  rigorous  analyses 
coupling  the  effects  of  other  simultaneous  loadings  are  necessary  to  better  evalu¬ 
ate  the  extent  of  cracking. 

An  alternate  rock  source,  a  nearby  quarried  limestone  aggregate,  provides  an 
RCC  with  a  very  low  coefficient  of  thermal  expansion  of  4.5  millionths/deg  C 
(2.5  millionths/deg  F).  The  net  effect  of  using  this  aggregate  instead  of  the  dam- 
site  amphibolite  is  to  raise  the  allowable  maximum  peak  temperature  from  29.4  to 

37.8  deg  C  (85  to  100  deg  F).  It  appears  that  if  this  aggregate  is  used,  no  further 
control  of  aggregate  temperatures  may  be  necessary.  Without  this  aggregate,  mea¬ 
sures  are  necessary  to  control  placing  temperatures  so  that  peak  temperatures  do 
not  exceed  29.4  deg  C  (85  deg  F).  This  requires  a  15.5-deg  C  (60-deg  F)  placing 
temperature  for  certain  placements.  This  placing  temperature  could  be  raised  to 

23.9  deg  C  (75  deg  F),  if  the  limestone  aggregate  was  used. 
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Completion  of  RCC  placements  up  to  a  minimum  elevation  during  a  fall  and 
winter  time  period  should  be  required  in  the  construction  contract.  Otherwise,  if 
these  low  elevation  placements  are  placed  during  the  spring  and  summer  period, 
the  RCC  placing  temperature  should  be  specified  not  to  exceed  26.7  to  29.4  deg  C 
(80  to  85  deg  F).  This  will  require  the  use  of  additional  cooling  measures.  Stock¬ 
pile  sprinkling,  water  chilling,  and  possible  shading  may  be  sufficient  to  achieve 
these  temperatures. 

The  scope  of  this  study  was  of  a  limited  nature:  to  identify  the  potential 
extent  of  thermal  cracking  in  the  structure.  Only  generalized  conclusions  are 
possible.  For  a  structure  of  this  height,  volume,  and  seismic  loadings,  a  more 
rigorous  study  should  be  performed  during  design  of  the  structure.  Full-section 
modeling,  incorporating  foundation  properties,  restraint  conditions,  and  early-age 
material  properties  (time-  and  temperature-dependent  properties)  should  be  done. 
The  structure  should  be  analyzed  in  sections  to  ascertain  the  strain  development 
that  may  lead  to  longitudinal  cracking  and  in  elevation  to  ascertain  strain  devel¬ 
opment  that  may  lead  to  transverse  cracking.  The  results  of  these  studies  should 
guide  the  designer  as  to  whether  a  3-D  model  is  necessary.  It  is  presumed  that  a 
3-D  analysis  will  indicate  better  cracking  performance  of  the  structure  than  a  2-D 
model  would  indicate.  This  analysis  should  quantify  the  effects  of  several  load 
conditions  in  addition  to  the  thermal  loads.  It  may  be  that  the  combined  action  of 
these  factors  will  initiate  cracking. 
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Level  2  Analysis,  Locks 
and  Dams  2,  3,  and  4 
Monongahela  River 


General 

An  example  of  each  step  in  the  performance  of  a  relatively  complex  mass 
gradient  and  a  surface  gradient  analysis  in  a  Level  2  thermal  study  of  an  MCS  is 
presented.  This  example  is  based  on  2-D  analyses  performed  during  design  stud¬ 
ies  for  locks  and  dam  facilities  on  the  Monongahela  River  in  Pennsylvania.  These 
studies  were  conducted  to  maximize  lift  heights  and  determine  optimum  place¬ 
ment  temperatures  and  to  expedite  construction  and  minimize  costs.  Although 
numerous  lock  monolith  configurations  exist  in  the  project,  the  most  massive 
section  was  selected  for  analysis.  Conclusions  and  recommendations  from  this 
analysis  could  be  applied  to  the  other  project  monoliths.  Figure  16  shows  a  cross 
section  representation  of  the  geometry  of  a  river  wall  monolith  with  nominal  3-m 
(10-ft)  lifts  used  in  this  example  analysis.  Two-dimensional  FE  analysis  was  used 
to  determine  temperature  histories  and  temperature  distribution  during  and  follow¬ 
ing  construction.  FE  analysis  was  not  applied  for  cracking  analysis.  Cracking 
analysis  was  performed  using  a  strain-based  criteria  similar  to  procedures 
described  in  ACI  207.2R.  Slow-load  tensile  strain  capacity  test  results  (which 
include  creep  effects)  were  used  to  determine  the  extent  of  cracking.  Analysis 
was  performed  on  15  combinations  of  several  parameters,  including  three  lift 
heights,  two  maximum  concrete  placement  temperatures,  three  construction  start 
times,  two  lift  placement  rates,  and  insulated  forms  for  fall  placement. 


Input  Properties  and  Parameters 

Step  1:  Determine  ambient  conditions.  These  data  were  gathered  from 
local  records.  Ambient  temperature  data  are  shown  in  Figure  17. 

Step  2:  Determine  material  properties.  Table  7  contains  thermal  prop¬ 
erties  used  in  the  example  thermal  analysis.  Adiabatic  temperature  rise  is  shown  in 
Figure  18.  This  adiabatic  temperature  rise  is  characteristic  of  the  heat  generation 
of  an  exterior  concrete  in  a  mass  concrete  structure  and  is  not  characteristic  of 
interior  mass  concrete.  The  foundation  material  is  assumed  to  be  limestone  of 
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Gallery 


Lift  7 


Figure  16.  Lock  wall  section  used  in  example 


Figure  17.  Mean  daily  ambient  temperatures  and  concrete  placement  temperatures 
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Table  7 

Concrete  and  Foundation  Thermal  Properties 

Material 

Thermal  Conductivity 

W/m-K  (Btu/hr-ft-deg  F) 
(Btu/day-in-deg  F) 

Specific  Heat 
kJ/kg-K  (Btu/lb-deg  F) 

Coefficient  of  Thermal  Expansion 
millionths/  deg  C  (millionths/deg  F) 

Limestone  foundation 

9.90  (5.50) 

Exterior  concrete  mixture 


10.46(5.81 


Figure  18.  Adiabatic  temperature  rise  for  Level  2  thermal  analysis  2-D  example 


moderate  strength.  Table  8  contains  mechanical  properties  used  in  the  example 
thermal  analysis  modulus  of  elasticity  of  concrete  and  foundation  materials  are 
required  for  determination  of  foundation  restraint  factors.  Slow-load  tensile  strain 
capacity  values  were  developed  using  the  methodology  described  in  Appendix  A 
for  use  in  mass  and  surface  gradient  cracking  analysis  as  discussed  later  in  this 
chapter. 
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Step  3:  Determine  construction  parameters.  Figure  17  shows  the  concrete 
placement  temperatures  used  in  the  example  thermal  analysis.  Maximum  place¬ 
ment  temperature  during  the  summer  is  15.5  deg  C  (60  deg  F),  and  minimum 
placement  temperature  during  the  winter  is  4.4  deg  C  (40  deg  F),  based  on  previ¬ 
ous  specification  experience.  Placement  temperatures  are  expected  to  follow 
mean  daily  temperatures,  except  during  summer  and  winter,  when  temperature 
controls  are  typically  imposed.  Placement  temperatures  lag  mean  daily  ambient 
temperatures  in  the  fall  by  2.8  deg  C  (5  deg  F),  until  the  4.4-deg  C  (40-deg  F) 
minimum  placement  temperature  permitted  is  reached.  Other  construction  param¬ 
eters  assumed  are  a  nominal  lift  height  of  3  m  (10  ft),  a  construction  start  date  of 

1  July,  a  concrete  placement  rate  of  5  days/lift,  with  plywood  forms  removed 

2  days  after  placement,  and  no  insulation. 


Temperature  Analysis 

Step  4:  Prepare  temperature  model.  The  ABAQUS  FE  program  (Hibbitt, 
Karlsson,  and  Sorensen,  Inc.  1994)  was  used  in  this  example.  Details  regarding 
the  use  of  ABAQUS  and  various  ABAQUS  and  general  FE  program  setup  con¬ 
siderations  in  thermal  analyses  can  be  found  in  ETL  1 1 10-2-365.  Figure  19 
shows  the  FE  model  used  for  the  example.  These  analyses  were  performed  on  the 
CRAY  Supercomputer  at  the  U.S.  Army  Engineer  Research  and  Development 
Center  (ERDC).  A  time-step  of  0.25  day  was  used  to  compute  temperature 
changes,  primarily  to  capture  temperature  changes  during  the  first  2  days  after 
placement. 

a.  Surface  heat  transfer  coefficient  computations.  Equations  3  and  4  were 
used  for  computing  the  surface  heat  transfer  coefficient.  Table  9  shows 
surface  heat  transfer  coefficients  computed  for  various  surface  treatments 
at  several  time  periods  during  the  year.  The  heat  transfer  coefficients 
used  in  this  example  were  those  computed  for  wind  only  or  for  wind  and 
plywood  forms. 

b.  Compute  temperature  histories.  Figure  16  shows  locations  of  mass  gradi¬ 
ent  and  surface  gradient  analyses  in  the  structure  used  in  the  example.  A 
July  1  start  date  was  assumed  for  placement  of  the  first  lift  of  mass 
concrete. 

Step  5:  Mass  gradient  temperature  analysis.  Figure  20  shows  temperature 
histories  at  the  locations  of  mass  gradient  analysis  in  the  example. 

Step  6:  Surface  gradient  temperature  analysis.  Surface  gradient  cracking 
in  the  example  was  analyzed  at  nominal  ages  of  0.5, 1,  2,  3,  5,  7, 14, 28,  60,  90, 
120, 150,  and  180  days  after  placement  in  lift  6  for  this  example.  Table  10  and 
Figure  21  show  the  surface  gradient  temperature  distributions  across  lift  6  in  the 
upper  portion  of  the  MSC,  determined  from  FE  temperature  analysis.  Placement 
time  for  this  lift  was  25  days  after  placement  of  lift  1. 
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Figure  19.  Finite  element  model  of  lock  wall  example 


Table  9 

Summary  of  Surface  Heat  Transfer  Coefficients  for  FE  Thermal  Analyses 


-  J - 

Time  Span 

Months 

Surface  Heat  Transfer  Coefficient  -  h  | 

W/m2-K  (Btu/day-in2-deg  F)  ! 

Wind  Velocity  Only 

Wind  Velocity  & 
Insulation 

Air,  Plywood,  &  E 

Insulation  1 

EgHHHjfl 

inM 

nn 

May  -  June 

nHR 

July  -  Sept. 

ii 

tclXhl&lHHKH 

Oct. 

EnHHH 

21.88 

4.756 

1.333 

1.093 

(0.6423) 

(0.1396) 

(0.03913) 

(0.03209)  |1 

a.  Calculate  surface  gradient  strains.  To  calculate  surface  gradient  strains 
requires  determination  of  the  depth  from  the  surface  of  effective  interior 
restraint.  This  is  performed  by  evaluating  the  magnitude  of  temperature 
change  in  the  interior  versus  the  surface  concrete,  thereby  defining  a  sur¬ 
face  “tension  block”  described  earlier.  The  following  steps  illustrate  a 
procedure  for  determining  the  distance  from  the  surface  where  tensile  and 
compressive  forces  balance,  thereby  determining  the  distance  from  the 
surface  to  the  point  of  zero  strain,  defining  the  tension  block  depth.  A 
series  of  manipulations  of  temperature  history  results  are  used  to  define 
the  depth  UH”  of  the  tension  block,  where  temperature  changes  causing 
tension  and  compression  are  balanced. 
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Nominal  Lift  Height  -  10  ft 
1  July  Conatraction  Start 


Figure  20.  Typical  temperature  histories  at  locations  of  mass  gradient  analysis 


b.  Determine  reference  temperatures.  In  the  example,  the  reference  time 
was  established  as  0.5  day  after  placement  of  lift  6  (25.5  days  after  con¬ 
crete  placement  start  at  lift  1).  Because  the  concrete  attained  a  1-day 
modulus  of  elasticity  of  1 2.4  Gpa  (1 .8  x  1 06  psi),  it  was  assumed  that 
elastic  strains  were  sustainable  in  this  concrete  at  an  age  of  0.5  day. 

c.  Determine  temperature  change  or  differences  relative  to  the  reference 
temperatures.  Table  1 1  shows  distributions  of  temperature  difference  at 
all  analysis  times  relative  to  the  reference  temperatures  at  0.5  day  age  of 
lift  6  (25.5  days  after  lift  1).  These  are  developed  by  subtracting  all  of  the 
temperatures  in  Table  10  from  the  respective  0.5-day  temperatures  at  the 
same  horizontal  coordinates. 

d.  Determine  temperature  differences  relative  to  surface  temperature  differ¬ 
ences,  or  “normalized”  temperature  differences.  Table  12  and  Figure  22 
show  temperature  differences  normalized  relative  to  the  surface  tem¬ 
perature  differences.  These  normalized  temperature  differences  were 
developed  by  subtracting  the  surface  temperature  differences  (along 
coordinates  4.0  and  36.0)  in  Table  1 1  from  the  corresponding  interior 
temperature  differences  at  the  same  time  intervals  in  Table  1 1,  producing 
the  Table  12  normalized  temperature  differences. 

e.  Determine  offset  balance  temperatures.  To  balance  tension  and  com¬ 
pression  zones,  a  balance  temperature,  T0,  is  determined  such  that  the 
areas  of  the  normalized  temperature  distribution  above  and  below  T0  are 
equal.  Table  13  and  Figure  23  show  balanced,  normalized  temperature 
differences. 
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Table  10 

Temperature  Distribution  in  Lift  6  for  Surface  Gradient  Analysis  _ 


Age  of  Concrete  in  Lift  6  placed  25  days  after  Lift  1  (days) 


Horizontal 

Coordinate 

m 


1 

2 

3 

5 

7 

14 

29 

59 

91 

121 

151 

Elapsed  Time  (T)  after  Placement  of  Lift  1  (days) 

25.5 

26 

27 

28 

30 

32 

39 

54 

84 

116 

146 

176 

Degrees  C 

23.3 

27.8 

30.5 

26.6 

25.8 

25.4 

24.4 

22.3 

17.0 

10.1 

4.1 

0.1 

23.0 

28.5 

32.4 

30.3 

29.2 

28.5 

26.8 

24.1 

18.2 

11.2 

5.1 

EH 

22.6 

29.2 

34.2 

34.1 

32.7 

31.6 

29.2 

25.8 

19.4 

12.4 

6.2 

1.8 

22.4 

29.2 

35.4 

37.2 

37.2 

36.2 

33.3 

28.9 

21.6 

14.5 

8.1 

3.3 

22.4 

29.2 

35.6 

38.3 

39.7 

39.3 

36.5 

31.7 

23.7 

16.3 

9.8 

ESM 

22.4 

29.2 

35.7 

38.7 

41.0 

41.2 

39.0 

34.0 

25.5 

18.0 

11.4 

EB 

22.4 

29.2 

35.7 

38.8 

41.5 

42.3 

40.8 

36.0 

27.2 

19.6 

12.9 

mm 

22.4 

29.2 

35.7 

38.8 

41.7 

42.7 

41.9 

37.5 

28.6 

20.8 

14.0 

8.2 

22.4 

29.2 

35.7 

38.8 

41.8 

43.0 

42.7 

38.8 

29.9 

22.0 

15.1 

9.2 

22.4 

29.2 

35.7 

38.8 

41.9 

43.1 

43.4 

40.0 

31.2 

23.2 

16.2 

10.2 

22.4 

29.2 

35.7 

38.8 

41.9 

43.2 

43.9 

41.1 

32.4 

24.3 

17.3 

11.1 

22.4 

29.2 

35.7 

38.8 

41.9 

43.3 

44.5 

42.6 

34.3 

26.0 

18.9 

12.5 

22.4 

29.2 

35.7 

38.8 

41.9 

43.3 

44.9 

44.0 

36.0 

27.6 

20.4 

13.9 

22.4 

29.2 

35.7 

38.8 

41.9 

43.3 

45.2 

45.0 

37.5 

29.1 

21.7 

15.1 

22.4 

29.2 

35.7 

38.8 

41.9 

43.3 

45.4 

45.9 

38.8 

30.3 

22.9 

16.1 

22.4 

29.2 

35.7 

38.8 

41.9 

43.3 

45.4 

46.5 

39.9 

31.4 

23.8 

17.0 

22.4 

29.2 

35.7 

38.8 

41.9 

43.3 

45.5 

47.0 

40.6 

32.1 

24.5 

17.6 

22.4 

29.2 

35.7 

38.8 

41.9 

43.3 

45.5 

47.2 

41.0 

32.5 

24.9 

17.9 

22.4 

29.2 

35.7 

38.8 

41.9 

43.3 

45.5 

47.1 

41.0 

32.5 

24.9 

17.9 

22.4 

29.2 

35.7 

38.8 

41.9 

43.3 

45.4 

46.9 

40.7 

32.2 

24.6 

17.7 

22.4 

29.2 

35.7 

38.8 

41.9 

43.3 

45.3 

46.4 

39.9 

31.5 

24.0 

17.1 

22.4 

29.2 

35.7 

38.8 

41.9 

43.3 

45.1 

45.7 

38.8 

30.5 

23.0 

16.2 

22.4 

29.2 

35.7 

38.8 

41.9 

43.2 

44.7 

44.5 

37.3 

29.1 

21.7 

15.1 

22.4 

29.2 

35.7 

38.8 

41.9 

43.2 

44.3 

43.6 

36.2 

28.0 

20.7 

14.2 

22.4 

29.2 

35.7 

38.8 

41.8 

43.0 

43.7 

42.4 

34.8 

26.7 

19.5 

13.1 

22.4 

29.2 

35.7 

38.8 

41.7 

42.8 

42.9 

41.0 

33.3 

25.3 

18.2 

12.0 

22.4 

29.2 

35.7 

38.8 

41.5 

42.3 

41.7 

39.3 

31.6 

23.8 

16.8 

10.7 

22.4 

29.2 

35.7 

38.7 

41.0 

41.2 

39.7 

36.8 

29.3 

21.6 

14.8 

22.4 

29.2 

35.6 

38.3 

39.7 

39.3 

37.1 

34.0 

26.7 

19.2 

12.5 

7.1 

22.4 

29.2 

35.4 

37.2 

37.2 

36.2 

33.7 

30.6 

23.8 

16.5 

10.0 

22.6 

29.2 

34.2 

34.1 

32.7 

31.6 

29.4 

26.8 

20.7 

13.6 

ma 

mm 

22.9 

28.9 

32.8 

31.0 

29.5 

28.7 

27.0 

24.7 

19.0 

12.0 

5.8 

1.5 

23.3 

27.8 

30.5 

26.6 

25.8 

25.4 

24.4 

22.6 

17.2 

10.3 

mmmm 

-0.7 
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Table  10  (Concluded) 


Age  of  Concrete  in  Lift  6  placed  25  days  after  Lift  1  (days) 


2 

3 

5 

7 

14 

29 

59 

121 

151 

181 

Horizontal 

Coordinate 

ft 

Elapsed  Time  (T)  after  Placement  of  Lift  1  (days)  | 

25.5 

26 

27 

LM 

30 

32 

39 

54 

84 

116 

146 

176 

206 

|  Degrees  F  | 

4.00 

73.9 

82.1 

87.0 

79.8 

78.5 

77.7 

75.9 

72.2 

62.5 

50.2 

39.4 

32.2 

30.4 

4.50 

73.3 

83.4 

90.3 

86.6 

84.6 

83.3 

80.2 

75.4 

64.7 

52.2 

41.3 

33.7 

31.3 

5.00 

72.7 

84.6 

93.6 

93.3 

90.8 

88.8 

84.6 

78.5 

66.9 

54.3 

43.2 

35.2 

32.1 

6.00 

72.3 

84.6 

95.7 

99.0 

99.0 

97.2 

91.9 

84.1 

70.9 

58.0 

46.6 

37.9 

33.8 

7.00 

72.3 

84.5 

96.2 

101.0 

103.5 

102.8 

97.7 

89.0 

74.6 

61.4 

49.7 

40.5 

35.4 

8.00 

72.3 

84.5 

96.3 

101.6 

105.8 

106.2 

102.1 

93.2 

77.9 

64.4 

52.5 

42.8 

37.0 

9.00 

72.3 

84.5 

96.3 

101.8 

106.7 

108.1 

105.4 

96.8 

81.0 

67.3 

55.1 

45.1 

38.6 

9.81 

72.3 

84.5 

96.3 

101.9 

107.1 

108.9 

107.4 

99.5 

83.5 

69.5 

57.2 

46.8 

39.9 

10.63 

72.3 

84.5 

96.3 

101.9 

107.3 

109.4 

108.9 

101.9 

85.8 

71.6 

59.2 

48.6 

41.2 

11.44 

72.3 

84.5 

96.3 

101.9 

107.4 

109.7 

110.1 

104.0 

88.1 

73.7 

61.1 

50.3 

42.5 

12.25 

72.3 

84.5 

96.3 

101.9 

107.4 

109.8 

111.0 

106.0 

90.3 

75.8 

63.1 

52.0 

43.8 

13.50 

72.3 

84.5 

96.3 

101.9 

107.4 

109.9 

112.1 

108.8 

93.7 

78.9 

66.0 

54.5 

45.8 

14.75 

72.3 

84.5 

96.3 

101.9 

107.4 

109.9 

112.8 

111.1 

96.7 

81.8 

68.7 

57.0 

47.7 

16.00 

72.3 

84.5 

96.3 

101.9 

107.4 

109.9 

113.3 

113.1 

99.5 

84.4 

71.1 

59.1 

49.4 

17.25 

72.3 

84.5 

96.3 

101.9 

107.4 

109.9 

113.6 

114.6 

101.8 

86.6 

73.2 

61.0 

50.9 

18.58 

72.3 

84.5 

96.3 

101.9 

107.4 

109.9 

113.8 

115.8 

103.8 

88.5 

74.9 

62.6 

52.2 

19.92 

72.3 

84.5 

96.3 

101.9 

107.4 

109.9 

113.9 

116.5 

105.1 

89.8 

76.1 

63.6 

53.1 

21.25 

72.3 

84.5 

96.3 

101.9 

107.4 

109.9 

113.9 

116.9 

105.8 

90.4 

76.8 

64.2 

53.5 

22.58 

72.3 

84.5 

96.3 

101.9 

107.4 

109.9 

113.9 

116.8 

105.8 

90.5 

76.8 

64.3 

53.6 

23.88 

72.3 

84.5 

96.3 

101.9 

107.4 

109.9 

113.8 

116.4 

105.2 

89.9 

76.3 

63.8 

53.2 

25.17 

72.3 

84.5 

96.3 

101.9 

107.4 

109.9 

113.6 

115.6 

103.9 

88.7 

75.2 

62.8 

52.3 

26.46 

72.3 

84.5 

96.3 

101.9 

107.4 

109.9 

113.3 

114.2 

101.9 

86.9 

73.4 

61.2 

51.1 

27.75 

72.3 

84.5 

96.3 

101.9 

107.4 

109.8 

112.5 

112.1 

99.2 

84.3 

71.1 

59.1 

49.4 

28.56 

72.3 

84.5 

96.3 

101.9 

107.4 

109.7 

111.8 

110.4 

97.1 

82.4 

69.3 

57.5 

48.2 

29.38 

72.3 

84.5 

96.3 

101.9 

107.3 

109.4 

110.7 

108.3 

94.7 

80.1 

67.2 

55.7 

46.8 

30.19 

72.3 

84.5 

96.3 

101.9 

107.1 

109.0 

109.1 

105.7 

92.0 

77.6 

64.8 

53.6 

45.2 

31.00 

72.3 

84.5 

96.3 

101.8 

106.8 

108.1 

107.0 

102.7 

89.0 

74.8 

62.2 

51.3 

43.5 

32.00 

72.3 

84.5 

96.3 

101.6 

105.8 

106.2 

103.5 

98.3 

84.8 

70.9 

58.6 

48.2 

41.2 

33.00 

72.3 

84.5 

96.2 

101.0 

103.5 

102.8 

98.8 

93.1 

80.1 

66.6 

54.5 

38.7 

34.00 

72.3 

84.6 

95.7 

99.0 

99.0 

97.2 

92.6 

87.1 

74.9 

61.8 

50.0 

41.0 

36.1 

35.00 

72.7 

84.6 

93.6 

93.3 

90.8 

88.8 

85.0 

80.2 

69.2 

56.4 

45.1 

36.9 

33.4 

35.50 

73.3 

84.0 

91.0 

87.8 

85.2 

83.6 

80.7 

76.5 

66.2 

53.6 

42.5 

34.8 

32.1 

36.00 

73.9 

82.1 

87.0 

79.8 

78.5 

77.7 

76.0 

72.6 

63.0 

50.6 

39.7 

32.5 

30.7 
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Figure  21 .  Temperature  distributions  across  lift  6  used  in  surface  gradient  analysis 


The  depth  of  T0  defines  the  depth  of  “H”  of  the  tension  block.  A  formula 
for  the  sums  of  individual  areas  between  temperature  points  of  the  nor¬ 
malized  temperature  difference  distribution  across  a  section  above  and 
below  T0  was  used  for  the  determination  of  H.  These  calculations  were 
solved  by  extensive  computer  spreadsheet  analysis,  resulting  in  tension 
block  “H”  values. 


Cracking  Analysis 

Step  7:  Mass  gradient  cracking  analysis.  Mass  gradient  thermal  strains  are 
computed  from  Equation  1.  Table  14  summarizes  the  computations. 

a.  Foundation  restraint  factor  (KJ).  Foundation  restraint,  based  upon  rela¬ 
tive  differences  in  the  stiffness  of  the  foundation  material  and  the  con¬ 
crete,  is  computed  from  Equation  5  as  shown  below. 


Kf  = 


=  0.64 


AfEf 
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Table  11 

Temperature  Differences  Referenced  to  Temperature  at  0.5  Da 


Age  of  Concrete  in  Lift  6  placed  25  days  after  Lift  1  (days) 


Horizontal 

Coordinate 

m 


29  59 


Elapsed  Time  (T)  after  Placement  of  Lift  1  (days) 


25.5  26 


30  32 


Deg 


2.1 


5.5 


39 


s  C 


1.1 


3.9 


6.6 


10.9 


14.1 


16.6 


18.4 


19.5 


20.4 


21.0 


21.5 


22.1 


22.6 


22.8 


23.0 


23.1 


23.1 


23.1 


23.1 


23.1 


23.0 


22.8 


22.4 


22.0 


21.3 


20.5 


19.3 


17.4 


151  181 


176  206 


-23.2  -24.2 


-22.0  -23.4 


-20.8  -22.6 


-19.1  -21.4 


-17.7  -20.5 


-16.4  -19.6 


-15.1  -18.7 


-14.1  -18.0 


-13.2  -17.2 


-12.2  -16.5 


-11.3  -15.8 


-9.8  -14.7 


-8.5  -13.6 


-12.7 


-6.3  -11.9 


-5.4  -11.2 


-4.8  -10.7 


-10.7 


-4.4  -10.4 


-10.6 


-5.3  -11.1 


-6.1  -11.8 


-12.7 


-8.2  -13.4 


-9.2  -14.2 


-10.4  -15.0 


-11.6  -16.0 


-13.4  -17.3 


10.1 

EQi 

6.8 

13.3 

16.0 

17.4 

16.9 

14.7 

11.6 

4.3 

-3.2 

-9.9 

-15.3 

-18.6 

10.4 

EM 

6.8 

13.0 

14.8 

13.8 

11.3 

8.2 

1.4 

-5.9 

-12.4 

-17.4 

-20.1 

10.7 

EM 

6.6 

11.6 

11.4 

10.1 

9.0 

6.8 

4.2 

-1.9 

-15.3 

-19.9 

-21.8 

10.8 

EM 

9.9 

8.1 

6.6 

EM 

4.1 

1.8 

-3.9 

-10.9 

-17.1 

-21.4 

-22.9 

11.0 

EM 

4.6 

■a 

3.3 

2.5 

2.1 

1.2 

-6.0 

-12.9 

-19.0 

-23.0 

-24.0 

(Continued) 
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Table  11  (Concluded) 


Horizontal 

Coordinate 

ft 


25.5  26 


Age  of  Concrete  In  Lift  6  placed  25  days  after  Lift  1  (days) 


14  29  59  91 


Elapsed  Time  (T)  after  Placement  of  Lift  1  (days) 


28  30  32  39  54  84  116 


151  181 


176  206 


Degrees  P 


4.00 

EH 

8.2 

13.0 

5.9 

mm 

3.8 

-1.7 

-11.4 

-23.8 

-34.6 

-41.7 

-43.5 

4.50 

e m 

10.1 

16.9 

13.2 

11.3 

10.0 

6.9 

-8.6 

-21.1 

-32.0 

-39.6 

-42.0 

5.00 

eh 

11.9 

20.9 

20.6 

18.1 

16.1 

11.9 

5.8 

-5.8 

-18.4 

-29.5 

-37.5 

-40.6 

6.00 

EM 

12.3 

23.4 

26.7 

26.6 

24.8 

19.5 

11.8 

-1.4 

-14.3 

-25.7 

-34.4 

-38.6 

7.00 

eh 

12.3 

23.9 

28.7 

31.2 

30.5 

25.4 

16.7 

2.3 

-10.9 

-22.6 

-31.8 

-36.9 

8.00 

nn 

12.3 

24.0 

29.4 

33.5 

33.9 

29.9 

20.9 

mm 

-7.8 

-19.7 

-29.4 

-35.2 

9.00 

EM 

12.3 

24.0 

29.6 

34.5 

35.8 

33.2 

24.6 

8.8 

EH9 

-17.1 

-27.2 

-33.6 

9.81 

eh 

12.3 

24.0 

29.6 

34.9 

36.7 

35.2 

27.2 

11.2 

-2.8 

-15.1 

-25.4 

-32.3 

10.63 

MM 

12.3 

24.0 

29.6 

35.0 

37.1 

36.7 

29.6 

13.6 

-0.6 

-13.1 

-23.7 

-31.0 

11.44 

mm 

12.3 

24.0 

29.6 

35.1 

37.4 

37.9 

31.8 

15.8 

1.4 

-11.1 

-22.0 

-29.7 

12.25 

EM 

12.3 

24.0 

29.6 

35.1 

37.5 

38.8 

33.8 

18.1 

3.5 

-9.2 

-20.3 

-28.4 

13.50 

EM 

12.3 

24.0 

29.6 

35.2 

37.6 

39.8 

36.5 

21.4 

6.6 

-6.3 

-17.7 

-26.4 

14.75 

EM 

12.3 

24.0 

29.6 

35.2 

37.7 

40.6 

38.9 

24.5 

9.5 

-3.6 

-15.3 

-24.5 

16.00 

EM 

12.3 

24.0 

29.6 

35.2 

37.7 

41.1 

40.8 

27.2 

12.1 

-1.2 

-13.1 

-22.8 

17.25 

EM 

12.3 

24.0 

29.6 

35.2 

37.7 

41.4 

42.4 

29.6 

14.3 

HI 

-11.3 

-21.3 

18.58 

EM 

12.3 

24.0 

29.6 

35.2 

37.7 

41.6 

43.5 

31.5 

16.2 

MM 

MM 

-20.1 

19.92 

EM 

12.3 

24.0 

29.6 

35.2 

37.7 

41.6 

44.3 

32.8 

17.5 

3.9 

-8.6 

-19.2 

21.25 

EH 

12.3 

24.0 

29,6 

35.2 

37.7 

41.6 

44.6 

33.5 

18.2 

MM 

iHgTj 

-18.7 

22.58 

0.0 

12.3 

24.0 

29.6 

35.2 

37.7 

41.6 

44.6 

33.6 

18.3 

MM 

-18.7 

23.88 

EH 

12.3 

24.0 

29.6 

35.2 

37.7 

41.6 

44.2 

32.9 

17.7 

4.1 

-8.5 

-19.1 

25.17 

EH 

12.3 

24.0 

29.6 

35.2 

37.7 

41.4 

43.4 

31.6 

16.5 

2.9 

-9.5 

-19.9 

26.46 

EH 

12.3 

24.0 

29.6 

35.2 

37.6 

41.0 

42.0 

29.7 

14.6 

1.2 

-11.0 

-21.2 

27.75 

EH 

12.3 

24.0 

29.6 

35.1 

37.6 

40.3 

39.9 

27.0 

12.1 

-1.2 

-13.1 

-22.8 

28.56 

EH 

12.3 

24.0 

29.6 

35.1 

37.4 

39.5 

38.2 

24.9 

10.1 

-14.7 

-24.1 

29.38 

EH 

12.3 

24.0 

29.6 

35.0 

37.2 

38.4 

36.0 

22.5 

HI 

-5.1 

-16.6 

-25.5 

30.19 

EH 

12.3 

24.0 

29.6 

34.9 

36.7 

36.9 

33.5 

19.7 

HI 

mm 

-18.6 

-27.1 

31.00 

EH 

12.3 

24.0 

29.6 

34.5 

35.9 

34.8 

30.5 

16.7 

2.6 

-10.0 

-20.9 

-28.8 

32.00 

EH 

12.3 

24.0 

29.4 

33.5 

34.0 

31.3 

26.1 

12.5 

-1.3 

-13.7 

-24.1 

-31.1 

33.00 

EH 

12.3 

23.9 

28.7 

31.3 

30.5 

26.5 

20.8 

7.8 

MM 

-17.7 

-27.5 

-33.5 

34.00 

EH 

12.3 

23.4 

26.7 

26.6 

24.8 

20.3 

14.8 

2.6 

-10.6 

-22.3 

-31.3 

-36.2 

35.00 

EH 

11.9 

20.9 

20.6 

18.1 

16.1 

12.3 

MM 

-3.5 

-16.3 

-27.6 

-35.8 

-39.3 

35.50 

EH 

10.8 

17.8 

14.5 

11.9 

10.3 

MM 

3.2 

-7.1 

-19.7 

-30.8 

-38.5 

-41.2 

36.00 

EH 

8.2 

13.0 

5.9 

'MM 

3.8 

2.1 

-1.3 

-10.9 

-23.3 

-34.2 

-41.4 

-43.2 
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Temperature  difference  (deg  F) 


Nominal  Lift  Height  -  10  ft 


Figure  22.  Temperature  differences  in  lift  6  for  surface  gradient  analysis 
where 

Ag  =  gross  area  of  concrete  cross  section  (relative  value)  =  1 

Ec  =  modulus  of  elasticity  of  mass  concrete  (mean  value  during 
cooling  period)  =  34.5  Gpa  (5.0  X  106psi) 

Af=  2.5  (area  of  foundation  or  zone  restraining  contraction  of 

concrete,  generally  as  a  plane  surface  at  contact,  recommended 
maximum  value  is  2.5) 

Ef-  modulus  of  elasticity  of  foundation  =  48.3  Gpa  (7.0  x  106psi) 

b.  Structure  restraint  factor  (KR).  Structure  restraint  factors  are  computed  at 
distances,  h,  along  the  vertical  centerline  of  the  structure  at  h  =  3.5  m 
(1 1 .5  ft)  and  at  h  =  H  =  7.0  m  (23  ft)  at  the  base  of  the  culvert.  The 
length,  L,  of  the  structure  is  assumed  to  be  13.4  m  (44  ft)  in  the  axial 
direction.  Note  that  the  mass  gradient  analysis  shown  below  assumes  that 
the  foundation  restraint  is  applied  by  the  foundation  material  adjacent  to 
the  concrete.  Therefore,  the  foundation  temperatures  used  in  the  analysis 
are  taken  at  the  foundation-concrete  interface  rather  than  at  the  location  of 
constant  foundation  temperature  at  a  depths  of  6.1  m  (20  ft)  or  more. 

Using  Equation  4.2  of  ACI  207.2R  for  L/H  less  than  2.5 
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Table  12 

Temperature  Differences  Normalized  in  Reference  to  Surface  Temperature  Differences 
for  Surface  Gradient  Analysis  _ 


Age  of  Concrete  in  Lift  6  placed  25  days  after  Lift  1  (days) 


Elapsed  Time  (T)  after  Placement  of  Lift  1  (days) 


17.4  13.9  12.8  11.9 


1 

1 

B 

1.4 

1.2 

0.8 

2.8 

2.3 

1.6 

\EM 

EM 

MEM 

wm 

5.5 

8.2 

6.8 

EM 

MM 

8.1 

5.5 

10.8 

6.2 

11.9 

10.0 

6.9 

13.0 

11.0 

EM 

14.1 

11.9 

8.4 

15.7 

13.3 

9.5 

17.2 

14.7 

10.5 

18.6 

15.9 

11.5 

19.7 

16.9 

12.3 

20.7 

17.8 

13.0 

21.4 

18.4 

13.5 

21.7 

18.7 

13.7 

21.7 

18.7 

13.8 

21.5 

18.5 

13.5 

20.8 

17.9 

13.1 

19.9 

17.0 

12.4 

18.6 

15.9 

11.5 

17.5 

15.0 

10.8 

16.4 

13.9 

10.0 

15.1 

12.8 

9.1 

13.6 

11.5 

8.2 

11.6 

9.8 

6.9 

9.3 

MM 

5.5 

6.8 

mm 

4.1 

3.9 

3.3 

2.3 

2.1 

1.8 

1.3 

i 

B 

0.1 
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Table  12  (Concluded) 


Age  of  Concrete  in  Lift  6  placed  25  days  after  Lift  1  (days) 


29 

59 

91 

121 

151 

181 

Horizontal 

Coordinate 

ft 


Elapsed  Time  (T)  after  Placement  of  Lift  1  (days) 


54 
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Table  13 

Balanced  or  Effective  Temperature  Differences  to  Determine  “H”  and  Surface  Gradients 
Strains _ 


Age  of  Concrete  in  Lift  6  placed  25  days  after  Lift  1  (days) 

"o!  n  Ti  H 


5 

7 

14 

29 

59 

91 

121 

151 

apsed  Time  (T)  after  Placement  of  Lift  1  (days) 

30 

32 

39 

54 

84 

116 

146 

176 

Degrees  C 

-15.4 

-16.6 

-17.9 

-18.5 

-16.6 

-15.5 

-14.4 

-12.3 

-11.6 

-13.1 

-15.1 

-16.4 

-15.1 

-14.0 

-13.0 

-11.1 

-7.8 

mm 

-12.4 

-14.3 

-13.5 

-12.5 

-11.7 

-10.1 

-3.1 

mm 

-8.1 

-11.0 

-11.1 

-10.2 

-9.5 

-8.3 

-0.5 

-1.7 

-4.8 

-8.3 

-7.8 

-6.8 

mm 

mm 

mm 

-5.9 

-7.1 

-6.2 

-5.5 

1.3 

1.2 

-0.5 

-3.9 

El 

-5.1 

sa 

sa 

1.5 

1.7 

El 

-4.1 

-3.9 

-3.6 

-3.3 

1.6 

1.4 

-i.i 

-2.8 

mm 

-2.5 

-2.3 

1.6 

2.1 

2.1 

-0.1 

-1.5 

-1.5 

-1.4 

-1.3 

1.6 

2.2 

2.6 

1.2 

eus 

U21 

-0.3 

-0.4 

1.6 

2.3 

3.2 

MM 

-1.6 

1.4 

1.3 

-1.0 

1.6 

2.3 

3.6 

4.0 

3.3 

BPfM 

2.8 

El 

1.6 

2.3 

3.9 

5.1 

4.8 

sa 

4.1 

3.6 

1.6 

2.3 

ESI 

El 

6.1 

5.3 

aa 

1.6 

2.3 

4.1 

6.6 

mm 

mm 

6.2 

5.5 

1.6 

2.3 

mm 

7.0 

El 

mm 

6.9 

6.1 

1.6 

2.3 

mm 

mm 

8.3 

7.8 

El 

El 

1.6 

2.3 

mm 

mm 

8.4 

7.8 

El 

El 

1.6 

2.3 

4.1 

mm 

8.0 

mm 

Ea 

6.2 

1.6 

2.3 

El 

6.5 

mm 

6.8 

El 

5.6 

1.6 

2.3 

3.8 

5.8 

6.2 

5.8 

El 

sa 

1.6 

2.2 

ESI 

sa 

Ea 

4.1 

3.6 

1.6 

2.1 

El 

3.6 

3.5 

3.3 

3.1 

sa 

1.6 

El 

2.5 

2.2 

2.1 

1.9 

1.6 

1.5 

1.7 

1.5 

1.0 

Ea 

Ea 

1.3 

1.3 

El 

-0.6 

-1.0 

-0.9 

-0.8 

-0.8 

■a 

-1.6 

-3.1 

-3.3 

-2.8 

-2.5 

-0.5 

-1.7 

mm 

-5.9 

-5.5 

-5.1 

Ea 

-3.1 

ESI 

mm 

El 

-8.9 

-8.2 

-7.8 

mm 

-12.1 

-13.4 

-12.2 

-11.3 

-10.6 

-11.3 

-12.9 

-14.9 

-15.8 

-14.2 

-13.2 

-12.4 

-10.5 

-15.4 

-16.6 

-17.8 

-18.3 

-16.3 

-15.3 

-14.2 

-12.1 

(Continued) 
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Table  13  (Concluded) 


Horizontal 

Coordinate 

ft 


25.5  26 


Age  of  Concrete  in  Lift  6  placed  25  days  after  Lift  1  (days) 


14  29 


Elapsed  Time  (T)  after  Placement  of  Lift  1  (days) 


28  30  32  39 


54  84 


151  181 


176  206 


Degrees  F 


4.00 

EH 

-3.9 

-10.4 

-22.2 

-27.7 

-29.8 

-32.2 

-33.3 

-29.9 

-27.9 

-26.0 

-22.1 

-15.9 

4.50 

EH 

-2.1 

-6.5 

-14.8 

-20.9 

-23.6 

-27.2 

-29.6 

-27.1 

-25.2 

-23.5 

-20.1 

-14.5 

5.00 

EH 

ESI 

-2.6 

mm 

-14.1 

-17.5 

-22.2 

-25.8 

-24.3 

-22.5 

-21.0 

-18.0 

-13.0 

6.00 

BUB 

-0.1 

-1.4 

-5.6 

-8.8 

-14.6 

-19.8 

-19.9 

-18.4 

-17.2 

-14.9 

-11.0 

7.00 

0.1 

mm 

0.6 

-1.0 

-3.1 

-8.7 

-14.9 

-16.2 

-15.0 

-14.0 

-12.3 

-9.3 

8.00 

EH 

0.1 

mm 

1.3 

1.3 

■a 

-4.2 

-10.7 

-12.9 

-12.0 

-11.2 

-9.9 

mm\ 

9.00 

0.1 

m 

1.5 

2.3 

2.2 

-1.0 

tSM 

-9.1 

-8.5 

-6.1 

9.81 

EH 

0.1 

0.6 

1.5 

mm 

3.1 

1.0 

-4.4 

mm 

-6.9 

-5.9 

-4.8 

10.63 

EH 

0.1 

BfUii 

1.5 

2.8 

3.6 

2.6 

-4.8 

mm 

-4.1 

-3.5 

11.44 

0.1 

Bus 

1.5 

2.9 

3.8 

mm 

-0.2 

mm 

El 

-2.5 

-2.4 

-2.2 

12.25 

EH 

0.1 

1.5 

2.9 

mm 

2.2 

-0.4 

■  ' '  @  | 

13.50 

0.0 

0.1 

B 

1.5 

HI 

4.1 

mm 

mm 

2.9 

2.5 

2.3 

1.8 

-rn 

14.75 

0.1 

0.6 

1.5 

HI 

4.1 

6.5 

mm 

6.0 

5.4 

wm 

mm 

16.00 

0.0 

0.1 

0.6 

1.5 

HI 

4.1 

HI 

9.2 

8.7 

8.0 

mm 

6.4 

■a 

17.25 

0.1 

0.6 

1.5 

mm 

4.1 

HI 

10.7 

11.0 

10.2 

9.5 

8.3 

6.2 

18.58 

0.0 

0.1 

1.5 

mm 

4.1 

7.4 

11.9 

13.0 

12.1 

11.2 

9.8 

mm 

19.92 

0.1 

1.5 

mm 

4.1 

mm 

12.7 

14.3 

13.4 

12.5 

10.9 

8.4 

21.25 

Q2j§§ 

0.1 

0.6 

1.5 

mm 

4.1 

13.0 

15.0 

14.0 

13.1 

11.5 

8.8 

22.58 

0.0 

0.1 

!HSI 

1.5 

mm 

4.1 

mm 

13.0 

15.0 

14.1 

13.2 

11.6 

8.9 

23.88 

0.1 

0.6 

1.5 

El 

4.1 

7.4 

12.6 

14.4 

13.5 

12.6 

11.1 

8.5 

25.17 

0.1 

mm 

1.5 

El 

4.1 

mm 

11.7 

13.1 

12.3 

11.5 

10.1 

msMi 

26.46 

0.0 

0.1 

mm 

1.5 

3.0 

4.1 

6.9 

10.4 

11.1 

10.5 

9.8 

8.5 

6.4 

27.75 

0.0 

0.1 

mm 

1.5 

2.9 

4.0 

6.1 

8.3 

8.4 

HI 

El 

6.4 

mm 

28.56 

0.0 

0.1 

mm 

1.5 

2.9 

3.8 

5.4 

6.5 

6.3 

5.6 

4.8 

3.5 

29.38 

0.0 

0.1 

mm 

1.5 

2.8 

3.6 

mm 

HI 

3.9 

mm 

3.5 

2.1 

30.19 

0.0 

0.1 

mm 

1.5 

mm 

3.1 

2.8 

1.9 

1.2 

1.2 

1.1 

0.9 

31.00 

0.1 

0.6 

1.5 

2.3 

2.3 

0.7 

-1.1 

-1.8 

-1.6 

-1.5 

-1.4 

-1.2  | 

32.00 

0.0 

0.1 

1.3 

1.3 

HI 

-2.9 

-5.5 

-5.5 

-5.1 

-4.5 

-3.5 

33.00 

EH 

0.1 

0.5 

-1.0 

-3.1 

-7.6 

-10.8 

-10.7 

-9.8 

-9.2 

ism 

34.00 

-0.1 

-1.4 

-5.6 

-8.8 

-13.8 

-16.9 

-15.9 

-14.7 

-13.7 

-11.8 

-8.6 

35.00 

eh 

-0.2 

-2.6 

mm 

-14.0 

-17.5 

-21.8 

-24.1 

-22.0 

-20.4 

-19.0 

-16.3 

-11.7 

35.50 

-1.4 

ESI 

-13.6 

-20.3 

-23.3 

-26.7 

-28.4 

-25.6 

-23.8 

-22.2 

-19.0 

-13.7 

36.00 

EH 

-3.9 

-10.4 

-22.2 

-27.7 

-29.8 

-32.1 

-32.9 

-29.4 

-27.5 

-25.6 

-21.8 

-15.7 
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Nominal  Lift  Height  -  1 0  ft 


Figure  23.  Balanced  temperature  difference  distributions  in  lift  6  for  surface  gradient  analysis 


Table  14 

Mass  Gradient  Cracking  Analysis 


1  July  start,  15.5  deg  C  (60  deg  F)  placement  temperature,  no  insulation,  exterior  mix 


Analysis 
Location/ 
Node  No. 

T(max) 
deg  C 
(de9  F) 

T(mln) 

degC 

(degF) 

c/7© 

degC 

(degF) 

dT= 
dt\c)- 
dT[r) 
deg  C 

(degP) 

Restraint 

Factor 

Kr 

K,=  0.64 

Thermal 

Strain 

millionths 

Slow  Load 
TSC 

millionths 

fmnSM 

T(max) 
deg  C 
ideaf) 

T(min) 
deg  C 
(deg  Ft 

dT\r) 

degC 

(degF) 

A/1910 

RSfll 

tt3K 

rSk 

m 

mm 

VjKfejH 

[SDK 

[SDK 

0.28 

41 

144 

no 

B/1498 

EH 

[tBK 

tuS 

im 

iyn 

0.08 

16 

wm 

no 

—  -1 

-2- -  =  0.28 

—  +  10 
H 

where 

L/H  =  13.4  m/7.0  m  [44  ft  /  23  ft]  =  1.9 
h/H=  3.5  m/  7.0  m  [11.5  ft  /23  ft]  =  0.5 

c.  Calculate  tensile  strains. 
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s  =  (Cth)(dT)(Ks)  =  41  millionths 


where 


Cth  =  10.5  millionths/deg  C  (5.81  millionths/deg  F) 
dT=  13.9  deg  C  (25  deg  F) 


Kr  =  0.28 


d.  Estimate  cracking.  TSC  information  is  shown  in  Table  15  for  various 
ages.  Comparison  of  mass  gradient  tensile  strains  with  the  slow-  load 
TSC  for  equivalent  time  periods  indicates  no  anticipated  cracking  under 
the  given  conditions. 


Table  15 

Surface  Gradient  Cracking  Analysis 

Example  of  Surface  Gradient  Analysis  using  Temperature  Difference  Distributions  through  Center  of 
deg  C  (60  deg  F)  Placement  Temperature,  No  Insulation,  C*  =  millionths/deq  C  (5.81  millionths/deg  F 

Lift  6, 3  m  (10  ft)  lifts,  1  July  Start,  15.5 

27 

28 

30 

32 

39 

54 

84 

116 

146 

176 

206 

Concrete  Age  (days) 

2 

3 

5 

7 

14 

29 

59 

91 

121 

151 

181 

Tension  Block  Width: 

See  Figure  9 

H  (left) 

m  (ft) 

VMM 

IsSH 

IsSfl 

1.6 

(5-4) 

2.2 

(74) 

2.6 

(8.4) 

2.6 

(8.5) 

2.6 

(8.5) 

2.6 

(8.6) 

2.7 

(8.8) 

H  (right) 

m  (ft) 

lesTM 

K8B 

ESI 

■□SB 

laSlH 

ESI 

||M| 

RESTRAINT  FACTORS  FOR  KR  AT  SURFACES  FOR  L 

Monolith 

Analysis 

Location 

Joint 

Spacing 

-2112 

For  L/H  <.  2  .5  ,  Useeq  uatjon[ffjW  -  2  )t!/H  +1)]  exp  (h/H),  where/)  =  H  at  surface 

Left-side 

0.83 

0.79 

0.74 

0.71 

0.61 

0.49 

0.43 

0.43 

0.43 

0.42 

0.41 

Outer 

12.2  (40) 

0.85 

0.81 

0.76 

0.73 

0.64 

0.53 

lighl 

0.47 

0.47 

0.47 

0.46 

Surface 

13.4(44) 

0.86 

0.83 

0.78 

0.76 

0.67 

0.57 

0.52 

0.51 

0.51 

0.51 

0.50 

Right-side 

11.0(36) 

0.83 

0.79 

0.74 

0.71 

0.65 

0.61 

0.60 

0.61 

0.61 

0.60 

0.60 

Outer 

12.2  (40) 

0.85 

0.81 

0.76 

0.73 

0.68 

0.65 

0.64 

0.64 

0.64 

0.64 

0.63 

Surface 

13.4  (44) 

0.86 

0.83 

0.78 

0.76 

0.70 

0.68 

0.67 

0.67 

0.67 

0.67 

0.66 

|  EFFECTIVE  TEMPERATURE  DIFFERENCES  AT  SURFACE 

1  Eff.  Temp.Diff.  (Table  13)  j 

dT  (left)  (deg  F) 

IKEh 

WGBm 

BUM 

ETCH 

1C£» 

leSB 

leEn 

EIJW 

WSXM 

te&H 

EES 

KC2»! 

BBS 

dT  (right)  (deg  F) 

BEh 

mctam 

tBMMM 

WBEm 

EQB 

ism 

EPa 

ism 

mst-n  m 

W&M 

BBC 

¥&iW 

EEEI 

mi 

BOH 

1  SLOW  LOAD  TENSILE  STRAIN  CAPACITY 

Concrete  age  (days) 

2 

3 

5 

7 

14 

28 

61 

90 

125 

155 

185 

ffflU 

86 

95 

104 

108 

116 

124 

134 

140 

144 

146 

149 

SURFACE  TENSILE  STRAIN  CORRECTED  FOR  INTERNAL  RESTRAINS  (/Gt 

Monolith 

Analysis 

Location 

Joint 

Spacing 

_ 

(Assume  cracking  when  tensile  strains  exceed  slow-load  tensile  strain  capacity  (TSC)  for  respective  age,  indicated  in 

bold) 

Left-side 

BEKS! 

50 

102 

119 

122 

114 

95 

75 

69 

64 

54 

38 

Outer 

12.2  (40) 

51 

105 

123 

127 

120 

103 

83 

77 

71 

60 

42 

Surface 

13.4  (44) 

52 

107 

126 

131 

126 

110 

90 

83 

78 

66 

46 

Right-side 

11.0(36) 

50 

102 

119 

122 

121 

119 

105 

98 

91 

78 

55 

Outer 

12.2(40) 

51 

105 

123 

127 

127 

126 

111 

104 

97 

82 

59 

Surface 

13.4(44) 

52 

107 

126 

131 

132 

131 

116 

108 

101 

86 

61 
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Nominal  Lift  Height  -  10  ft 

Cracking  assumed  when  tensile  strain  exceeds  slow-load  TSC  1  July  Construction  Start 


Figure  24.  Evaluation  of  surface  gradient  cracking  potential  by  comparing  induced  tensile 
strain  with  slow-load  tensile  strain  capacity 

Step  8:  Surface  gradient  cracking  analysis.  Table  15  presents  the  surface 
gradient  cracking  calculations.  The  upper  portion  of  the  table  shows  the  determi¬ 
nation  of  restraint  factors  based  on  time  and  location.  The  lower  portion  shows 
calculation  of  strains  using  Equation  1,  and  comparison  of  calculated  strains  with 
slow-load  TSC  values  for  the  appropriate  time  period.  Figure  24  compares  the 
development  of  tensile  strains  at  the  lock  wall  surface  and  concrete  TSC  with 
time. 

a.  Internal  restraint  factor  (KR).  Internal  restraint  factors  are  based  on  the 
depth  of  the  tension  block,  “H.”  “//”  is  determined  from  Table  13  by 
observing  the  depth  where  temperatures  change  from  negative  to  positive, 
which  shows  where  effective  strains  are  balanced  between  tension  and 
compression.  These  depths  are  shown  in  Table  15  as  the  tension  block 
width.  Kr  is  calculated  based  on  Equation  2,  as  shown  in  the  table. 

b.  Calculate  tensile  strains.  Surface  gradient  tensile  strains  shown  in 
Table  15  are  based  on  the  use  of  Equation  1,  shown  below: 

e  =  (Cth)  (dT)  (Kr)  (Kf) 


where 

Kf=  foundation  restraint  factor  equals  1  for  surface  gradient  analysis 

dT  is  taken  from  the  surface  effective  temperature  differences  in  Table  13, 
at  the  exterior  surfaces  at  each  time  period.  These  are  shown  in  Table  15 
for  each  lock  wall  face.  For  this  example,  only  strains  at  the  exterior 
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surface  are  calculated  and  are  shown  in  Table  15.  Exterior  surface  strains 
are  shown  in  this  table  for  KR  =  1.0,  for  comparison  assuming  the  surface 
is  completely  restrained,  and  for  various  lengths  (. L  =  1 1.0, 12.2,  and 
13.4  m)  (Z  =  36, 40,  and  44  ft)  between  vertical  joints  in  the  lock  wall, 
where  the  surface  restraint  is  less  than  1 .0.  Strain  variation  with  depth 
from  the  surface  could  be  developed  using  corresponding  KR  for  interior 
locations. 

c.  Estimate  cracking.  Comparison  of  strains  with  slow-load  TSC  provides 
an  estimation  of  where  and  when  surface  gradient  cracking  may  develop, 
as  shown  in  Table  14.  The  estimated  depth  of  cracking  could  be 
evaluated  using  KR  at  varying  depths  from  the  surface,  and  comparing 
with  slow-load  TSC. 


Conclusions  and  Recommendations 

Some  of  the  conclusions  and  recommendations  from  this  thermal  study 
included  the  following: 

Conclusions 

a.  Maximum  lift  height  =  1 .5  m  (5  ft). 

b.  Maximum  concrete  placement  temperature  =  1 5.5  deg  C  (60  deg  F) 
producing  a  35.0  deg  C  (95  deg  F)  interior  temperature. 

Recommendations 

a.  Conduct  additional  mixture  proportioning  studies  to  further  reduce  the 
cement  content. 

b.  Insulate  all  exposed  concrete  surfaces  placed  between  15  October  and 
1  March. 

c.  Remove  insulation  only  when  ambient  temperatures  are  above  mean  daily 
temperatures,  to  aid  thermal  shock. 

d.  Open  culvert  space  to  cool  air  slowly  to  avoid  thermal  shock. 
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Appendix  A 

Determination  of  Tensile  Strain 
Capacity  (TSC) 


Purpose 

Tensile  strain  capacity  (TSC)  is  the  change  in  length  per  unit  length  that  can 
be  sustained  in  concrete  prior  to  cracking.  This  property  is  used  with  the  results 
of  temperature  analysis  to  determine  whether  a  mass  concrete  structure  (MCS) 
will  crack  and  the  extent  of  cracking.  This  appendix  describes  testing  to  deter¬ 
mine  TSC,  methods  to  estimate  TSC,  and  methodology  for  its  use  in  thermal 
analysis. 


Background 

The  Corps  of  Engineers  introduced  TSC  testing  of  concrete  several  decades 
ago  to  provide  a  basis  for  evaluating  crack  potential  for  strain-based  thermal 
studies  of  MCS  (Houghton  1976).  This  property  is  also  used  to  compare  different 
aggregates  and  different  concrete  mix  proportions  in  MCS.  TSC  varies  primarily 
based  on  age,  strength,  aggregate  type,  shape,  and  texture.  TSC  tests  are  con¬ 
ducted  on  large  concrete  beams  instrumented  to  measure  strain  to  failure.  TSC  is 
determined  in  a  series  of  tests,  including  rapid  and  slow  loading  of  beams.  The 
slow-load  test  was  designed  to  simulate  the  strain  conditions  occurring  in  a  mass 
concrete  structure  during  long-term  cooling.  By  conducting  tests  at  several 
loading  ages,  TSC  data  can  be  used  to  evaluate  mass  gradient  cracking  resistance 
in  a  structure  under  long-term  cooling.  Surface  gradients  generally  develop  dur¬ 
ing  the  first  several  days  or  weeks  after  placement  of  concrete,  particularly  follow¬ 
ing  the  removal  of  insulated  forms.  Hence,  strains  due  to  surface  gradients 
develop  more  rapidly  than  tested  using  the  slow-load  TSC  test,  and  more  slowly 
than  a  standard  TSC  test  failed  at  a  normal  loading  rate.  This  appendix  describes 
one  method  used  to  estimate  TSC  for  surface  gradient  analyses. 
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Description  of  Test  Method 


Tensile  strain  capacity  is  determined  according  to  test  method  CRD-C  71 
(WES  1949).  The  test  method  requires  a  minimum  of  three  beams  for  each  test, 
and  generally  a  minimum  of  three  tests  is  recommended  for  each  test  set  to  allow 
for  variation  in  the  test  results.  Rapid-load  (0.28  Mpa/min)  (40  psi/min)  and 
slow-load  (0.17  Mpa/week)  (25  psi/week)  tests  are  usually  conducted  in  test  series 
consisting  of  three  beam  tests  each.  TSC  test  specimens  are  300-mm  by  300-mm 
by  1,680-mm-long  (12-in.  by  12-in.  by  66-in.-long)  beams  tested  in  third-point 
loading.  Strain  gauges  are  located  at  or  near  the  top  and  bottom  (compression  and 
tension)  surfaces  to  measure  strain  during  the  tests.  At  the  age  of  test,  a  rapid-load 
test  is  conducted  and  a  slow-load  test  is  begun.  Loading  continues  at  the  pre¬ 
scribed  rate  until  failure.  During  the  slow-load  beam  test,  strain  measurements  are 
made  on  the  beam  under  load.  In  addition,  measurements  of  autogenous  strain  are 
made  on  the  third  beam.  The  autogenous  shrinkage  strains  are  used  to  correct  the 
strain  measurements  on  the  beam  under  slow  load.  Upon  failure  of  the  slowly 
loaded  beam,  a  rapid-load  test  is  performed  on  the  third  beam.  A  TSC  test  series 
usually  contains  a  suite  of  rapid-  and  slow-load  tests  typically  initiated  at  3,  7, 

28  days,  and/or  other  ages.  The  differences  in  TSC  capacity  from  the  slow-  and 
rapid-load  beams  provide  an  indication  of  the  cumulative  creep  strain  during  the 
slow-load  test.  The  strains  measured  in  the  slow-load  beam  test  containing  both 
elastic  and  creep  strains  are  expressed  in  millionths  (1  x  10"6  in./in.). 


Tensile  Strain  Capacity  Test  Results 

TSC  test  results  can  vary  widely  depending  on  a  variety  of  factors.  Test 
results  for  the  specific  materials  and  mixture(s)  to  be  used  in  an  MCS  should  be 
used  whenever  possible.  Actual  values  for  TSC  of  mass  concrete  for  slow-load 
tests  for  specimens  loaded  at  7  days  and  failing  at  about  90  days  range  from  88  to 
237  millionths.  Corresponding  values  for  rapid-load  tests  conducted  at  7  days 
range  from  40  to  105  millionths.  For  tests  conducted  upon  failure  of  the  slow- 
load  beam,  rapid-load  results  range  from  73  to  136  millionths.  Ratios  of  slow- 
load  tensile  strain  capacity  to  rapid-load  tensile  strain  capacity  tested  at  the  same 
age  as  the  slow-load  specimens  range  from  1.0  to  2.0  and  averages  1.4.  This 
average  is  relatively  insensitive  to  age. 


Use  of  TSC  for  Mass  Gradient  Cracking  Analyses 

Mass  gradient  tensile  loading  in  an  MCS  occurs  over  an  extended  period  of 
time.  The  standard  slow-load  TSC  test  was  specifically  designed  for  this  condi¬ 
tion.  Standard  slow-load  TSC  tests  provide  a  reasonable  limiting  strain  in  mass 
gradient  cracking  analyses  for  the  condition  of  restrained  slow  loading  of  mass 
concrete  which  occurs  in  a  slowly  cooling  mass.  Using  an  appropriate  loading 
time  period,  the  slow-load  TSC  can  be  used  directly  for  mass  gradient  cracking 
analysis. 
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Use  of  TSC  for  Surface  Gradient  Cracking 
Analyses 

Surface  gradient  strains 

Surface  gradient  strains  can  be  initiated  at  a  very  early  age,  particularly  after 
the  removal  of  insulated  formwork,  and  can  develop  over  a  few  days  or  weeks  of 
loading  due  to  the  initial  temperature  rise  and  subsequent  development  of  the  sur¬ 
face  temperature  gradient.  Because  loading  under  surface  gradient  conditions  is 
more  rapid  than  the  standard  TSC  slow-load  test,  the  results  of  that  test  may  not 
well  represent  surface  gradient  conditions.  Very  accurate  TSC  values  may  not  be 
necessary  for  surface  gradient  analysis,  except  for  critical  situations.  For  most 
situations,  the  standard  test  values  will  suffice  for  surface  gradient  cracking  analy¬ 
sis  as  well  as  mass  gradient  cracking  analysis.  In  some  structures,  concrete  mix¬ 
tures  placed  near  the  surface  of  the  MCS  may  differ  significantly  from  internal 
concrete  mixtures.  Tests  for  TSC  used  in  surface  gradient  analysis  should  be 
conducted  on  the  appropriate  concrete  mixture(s). 


Simulated  surface  gradient  strains 

For  critical  situations,  slow-load  TSC  tests  conducted  at  more  rapid  rates  of 
loading  than  the  standard  slow-load  test  may  be  conducted  to  simulate  the  devel¬ 
opment  of  surface  gradient  thermal  strains.  In  lieu  of  such  special  load  rate 
testing,  an  estimate  can  be  made  of  TSC  for  use  in  preliminary  surface  gradient 
TSC  determinations,  using  the  ratio  of  1.4  described  above.  An  estimate  of  TSC 
for  surface  gradient  analysis  is  determined  by  testing  TSC  at  the  rapid  load  rate 
and  at  the  age  of  interest.  This  value  is  then  multiplied  by  1 .4,  to  determine  a 
TSC  under  the  slow  loading  reflective  of  surface  gradient  strain  development. 
This  estimate  is  believed  to  be  reasonably  conservative  at  ages  from  1  to  14  days. 
Because  creep  rates  are  greatest  at  early  ages,  it  is  possible  that  slow-load  TSC 
may  be  considerably  higher  especially  from  1  to  7  days.  Until  test  data  are  avail¬ 
able,  this  may  be  used  for  developing  surface  gradient  tensile  strain  capacity 
values. 
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